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ABSTRACT 


ARCTIC  OCEAN  GEOPHYSICAL  STUDIES: 

THE  ALPHA  CORDILLERA  AND  MENDELEYEV  RIDGE 

John  Kendrick  Hall 

The  geophysical  findings  from  Fletcher's  Ice  Island  (T-3)  for  the 
period  mid-  1962  to  mid- 1  970  are  presented  Daring  this  time  the  ice 
station  traversed  the  Chukchi  Rise,  portions  of  f'.»e  Alpha  Cordillera 
and  Mendeleyev  Ridge,  and  the  Chukchi,  Mendeleyev,  and  Canada 
Plains.  The  findings,  together  with  pertinent  observations  from  older 
investigations,  support  the  suggestion  of  earlier  investigators  that  the 
Alpha  Cordillera  is  an  inactive  center  of  seafloor  spreading.  Several 
fractures  were  observed  to  cut  the  Mendeleyev  Ridge  and  Alpha  Cor¬ 
dillera,  and  many  other  closely  spaced  fractures  are  suggested  by 
topographic,,  magnetic,,  and  gravity  trends.  These  fractures  appear  to 
parallel  the  142°  West,  meridian.  Seismic  reflection  profiles  show  a 
buried  topography  similar  to  that  of  the  Mid-Atlantic  Ridge.  Offsets  in 
the  apparent  axial  rift  suggest  that  the  fractures  are  the  traces  of 
transform  faults.  The  angular  relationship  between  the  Mendeleyev 
Ridge  and  the  Alpha  Cordillera  appears  to  resxilt  from  a  southerly  dis¬ 
placement  of  the  cordillera  crest  along  numerous  en  echelon  transform 
faults..  Magnetic  anomalies  are  consistent  with  the  seafloor  spreading 
•hypothesis.  A  crustaligrav-ity  model  based  upon. a  continuous  690  km 
long  gravity  and  bathymetric  profile  and  one  reversed  refraction 
measurement  from  Station  Alpha  shows  the  observed  gravity  to  be 
consistent  with  a  section  of.  East  Pacific  Rise  type  with  a  5  km  thick 
oceanic  layer  overlying ,27  km  of  anomalous  ( p=  3.15)  mantle 

The  relation  of  the  Alpha  Cordillera  to  the  surrounding  continental 
geology  is  explored.  A  history  for  the  Amerasia  Basin  since  Late 
Precambrian  time  is  proposed,  in  which  the  basin  experienced  spreading 
at  least  once  in  the  Paleozoic,  and  again  in  the  Late  Mesozoic  and 
early  Tertiary.  ^The  Early  Paleozoic  episode  is  related  to  the  opening 
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and  closing  of  a  proto-Atlantic  Ocean  and  the  development  of  the 
Appalachian/ Caledonian  orogen.  Arguments  are  presented  which 
lead  to  the  conclusion  that  the  oceani..  crust  beneath  the  Beaufort  Sea 
is  Permo-Carboniferous  or  older. 

Seismic  reflection  profiles  show  more  than  2  kilometers  of 
sediment  beneath  the  Mendeleyev  and  Canada  Plains,  with  no  basement 
reflections  recorded.  Prominent  reflectors  may  represent  major  cli¬ 
matic  or  deposit  tonal  changes.  Sediment  cover  on  the  ridges  varies  from 
several  hundred  meters  to  more  than  one  kilometer.  Sedimentary  ridges 
up  to  55  meters  high  blanket  the  crestal  plateau  of  the  Alpha  Cordillera, 
and  appear  to  be  the  result  of  currents  which  transport  sediment  across 
the  ridge  from  northwest  to  southeast.  This  process  is  presently  inactive, 
and  may  have  terminated  with  the  initiation  of  continental  glaciation, 
perhaps  as  early  as  Upper  Miocene  time.  Similar  sedimentary  structures 
700  meters  beneath  the  Mendeleyev  Plain  suggest  a  strong  bottom 
circulation  in  the  past.  A  zone  of  bottom  erosion  along  the  Mendeleyev 
Ridge  flank  may  reflect  a  circulation  of  water  through  fhe  Cooperation 
Gap,  a  trough  which  appears  to  cross  the  ridge.  Two  buried  channels 
extending  to  subbottom  depths  of  700  meters  were  observed  between  the 
Mendeleyev  Fracture  Zone  and  the  Mendeleyev  Plain. 

Three  general ;purpose  computer  programs  are  included.  They 
compute  1)  geographic  position  from  celestial-  observations ,  2).  prob¬ 
able  drift  between  known  positions  using  wind  data,  and  3)  gravity 
meter  calibrations  at  a  base  station  with,  correction  for  earth- tides 
based  upon  a  calculation  by  means  of  an  abbreviated  lunar  and  solar 
ephemeris. 
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INTRODUCTION 

Geographical  Setting 

The  Arctic  Ocean,  with  an  area  of  about  14  million- square  kilo¬ 
meters,  is  the  smallest  of  the  world  oceans.  This  ocean  is  unique 
in  several  significant  respects.  It  is  almost  land-locked,  it  has  a 
perennial  cover  of  pack  ice,  continental  shelves  occupy  one  third  of 
its  area,  and  it  is  divided  by  three  subparallel  submarine  ridges. 

Figure  1  is  a  physiographic  diagram  of  the  Arctic  Ocean  showing  the 
major  features.  This  diagram  is  based  upon  a  diagram  given  by 
Hunkins  (19.68). 

The  deep  portions  of  the  ocean  form  an  almost  rectangular  basin, 
approximately  1800  kilometers  wide  and  2500  kilometers  long.  The 
three  subparallel  ridges  cross  this  basin  along  its  minor  axis.  The 
Lomonosov  Ridge  lies  in  the  center,  dividing  the  basin  into  the 
Amerasia  Basin  north  of  Alaska,  and  the  smaller  and  deeper  Etirasia 
Basin  north  of  Europe.  This  ridge  has  steep  slopes  that  are  convex 
upward,  and  has  minimum  depths  of  1100-1200  meters  on  the  North 
American  side,  and  about  1700  meters  where  sounded^on  the  Siberian 
side.  The  width  of  this  ridge  varies  between  40  and  75  kilometers. 

The  deeper  Eurasia  Basin  is  divided  into  tw.o  smaller  basins  by  .the 
Arctic  Mid-Ocean  Ridge,  a  seismica’Xy  active  belt  of  High  ridges  and  deep 
rifts.  This  feature  is  considered  to-be  the  Arctic  extension  of  the  Mid- 
Atlantic  Ridge,  a  center  of  seafloor  spreading.  The  Amundsen  Basin 
lies  between  the  Mid-Ocean- Ridge  and  the  Lomonosov  Ridge  and  encloses 
the  Pole  Abyssal  Plain.  This  plaiivis  the  deepest  and  second  largest  plain 
in  the  ocean  basin;  its  depth  increases  from  about  3900  meters  near  the 
Lomonosov  Ridge  to  more  than  4200  meters  along  the  Arctic  Mid-Ocean 
Ridge.  South  of  the  Mid-Ocean  Ridge  lies  the  Nansen  Basin,  which 
encloses  the  small  Barents  Plain  at  depths  between  3750  and  3900  meters,. 

South,  of  the  Lomonosov  Ridge,  the  Alpha  Cordillera  divides  the 
Amerasia  Basin  into  two  smaller  basins,  the  Makarov  Basin  on  the 
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north,  and  the  Canada  Basin  on  the  south.  Two  plains  form  the  deep 
floor  of  the  Makarov  Basin.  The  Wrangel-  Plain  at  2825  meters  lies 
below  the  East  Siberian  Shelf,  and  connects  with  the  deeper  Fletcher 
Plain  at  3900  meters  via  the  Arlis  Gap.  The  Marvin  Spur  projects 
into  this  basin  from  the  Lomonosov  Ridge  north  of  Ellesmere  Island. 

The  Alpha  Cordillera  is  the  largest  single  submarine  feature  in 
the  Arctic  Ocean.  Like  most  of  the  features  in  this  ocean,  the  Alpha 
Cordillera  has  not  been  extensively  sounded,  but  its  outline  is  gen¬ 
erally  known.  It  crosses  the  basin  from  the  vicinity  of  Ellesmere 
Island  to  the  East  Siberian  Shelf,  forming  broad  triangular  plateaus 
where  it  abuts  the  shelves.  The  width  of  the  Alpha  Cordillera  varies 
considerably,  reaching  a  maximum  on  the  Canadian  side,  and  a  min¬ 
imum  of  about  300  kilometers  near  the  center,  where  the  crestal 
regions  reach  their  maximum. depth  of  more  than  2000  meters. 

Soviet  workers  (Belov -and  Lapina,  1958)  report  this  crestal  low  to 
consist  of  a  long  deep  trough  with  topographically  complex,  convex- 
upward  slopes,  and  a  maximum  depth  of  2700  meters.  At  this  point, 
called  the  Sotrudnichestva  (Cooperation)  Gap  by  Treshnikov  et  al. 
(1967),  the.  cordillera  axis,  changes  direction  toward  the  south,  heading 
away  from  the  Laptev  Shelf  and  toward  the  East  Siberian  Shelf,  and 
the  feature  becomes  the  Mendeleyev  Ridge. 

Between  the  Alpha  Cordillera  and.  the  Chukchi. Shelf  lies,  the 
Canada  Basin,  the  largest  of  the  four  Arctic  basins.  In  the  center 
lies  the  Canada  Plain,  the  largest  plain,  with  depths  of  about  3850 
meters  along  the  flank  of  the  Northwind  Ridge,  The  Chukchi  Rise, 
including  the  Northwind  Ridge,  projects  about  600  kilometers  north 
from  the  edge  ofthe  Chukchi  Shelf.  Two  small  plains  are  located 
between  the  Chukchi  Rise  and  the  Mendeleyev  Ridge.  The  Chukchi 
Plain,  located  near  the  East  Siberian  Shelf  at  a  depth  of  2200  meters, 
connects  with  a  deeper  plain  to  the  north  via  the  Charlie  Gap  (Figure 
9).  This  plain,  at  a  depth  of  about  3300  meters,  is  described  here 


for  the  first  time,  and  has  been  called  the  Mendeleyev  Plain,  It 


presumably  connects  with  the  Canada  Plain  north  of  the  Chukchi  Rise 
via  another  gap. 

Previous  Work 

The  perennial  surface  ice  cover  on  the  Arctic  Ocean  makes  nav¬ 
igation  by  conventional  vessels  impossible.  This  single  fact  accounts 
for  the  slow  growth  of  knowledge  about  the  Arctic  Ocean,  What  know¬ 
ledge  there  is  has  been  acquired  through  a  wide  variety  of  means. 

Chief  among  these  are  the  drift  of  vessels  imprisoned  in  the  pack, 
spot  landings  of  aircraft  and  airlifted  temporary  camps  on  ice  floes, 
limited  penetrations  by  icebreakers  along  the  fringes  of  the  pack, 
underwater  probings  and  transits  by  conventional  and  nuclear  submar¬ 
ines,  and  in  the  case  of  the  present  investigation,  the  meander ings  of 
ice  islands  within  the  pack.  In  addition,  long  range  aircraft  are  meas¬ 
uring  the  magnetic  field,  and  together  with  artificial  earth  satellites, 
are  acquiring  data  about  ice  conditions,  Beal  (1968)  and  Ostenso  (1962) 
have  presented  interesting  discussions  of  the  history  of  scientific  re¬ 
search  in  the  north  polar  regions. 

Drifting  ice  stations  have  c.ontributed:much  to  our  knowledge  of  the 
Alpha  Cordillera,  The  broad  outline  of  this  feature  was  first  shown  in 
a  diagrammatic  chart  of  volcanism  in  the  Arctic  Ocean  by  Hakkel'  (1958), 
and  was  based  primarily  upon  soundings  made  from  the  drifting  Soviet 
ice  station  NP-4  in  November  1955.  In  1957  and  1958  Drifting  Station 
Alpha  crossed  the  cordillera,  permitting  Hunkins  (-1961;  also  JGY,  1959, 
and  1-961)  to  carry  out  investigations  which  showed  this  feature  to  be  a 
major  morphological  province.  Over  600  explosive  soundings  revealed 
water  depth,  bottom  dip  and  strike,  and  subbottom  information.  Three 
unreversed  refraction  profiles  indicated  an  average  of  0,38  km  of 
unconsolidated: sedimen'  overlying,  in  one  case,  a  2.80  km  thick  layer 
with  4.70  km/sec  compressiona!  wave  velocity.  Below  this  lay  b  6.44 
km/sec  "oceanic"  layer  of  undetermined  thickness.  The  central  por¬ 
tions  of  the  Alpha  Cordillera  were  sounded  from  Soviet  drift  station 
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NP-7  at  about  the  same  time. 

Ice  Station  T-3  drifted  over  the  Canadian  terminus  of  the  Alpha 
Cordillera  in  1952  and  1953.  Data  taken  along  the  track  outlined  the 
Marvin  Spur  (Crary,  1954).  Crary  and  Goldstein  (1957)  reported 
three  unreversed  refraction  profiles  which  showed  a  shallow  velocity 
structure  more  continental  than  oceanic.  Kutschale  (1966)  gave  the 
results  of  geophysical  investigations  from  Drifting  Station  Arlis  II 
within  the  Makarov  Basin.  He  reported  the  existence  of  a  steeply  dip¬ 
ping  basement  ridge  beneath  the  Wrangel  Plain.  This  ridge  separates 
that  plain  from  the  deeper  Fletcher  Plain,  and  appears  to  connect  with 
the  Alpha  Cordillera.  Seismic  reflection  profiles  showed  at  least  3.5 
km  of  stratified  sediment  beneath  the  Wrangel  Plain. 

Dietz  and  Shumway  (1961)  published  the  first  continuous  sounding 
lines  across  the  Arctic  Ocean,  taken  by  the  submarine  U.  S.  S.  Nautilus 
in  1958,  and:by  the  U.  S.  S.  Skate  in  1958  and  1959.  They  observed  steep 
flanks  and  a  relatively  smooth  upper  surface  lacking  in  jagged  topogra¬ 
phy^  and  concluded  that  the  cordillera  was  non-.volcanic  and.bounded 
by  major  faults.  Gravity  measurements  made  from-Station  Alpha  show- 
ed'a  regional  freerair  gravity  anomaly  of  +60  niilligals  over  the  cord¬ 
illera,  which  Ostenso  (1963)  interpreted' as  being  further  evidence  of 
a  horst  structure,  as  suggested  by  the  submarine  profiles. 

A  Tow  level  aeromagnetic  survey  was  made  over  part  of  the.Arctic 
in  1961,  and  was  reported  by  Ostensc  (1962).  Depth  to  source  computat-, 
ions  were  made  from  the  anomalies.  These  revealed  that  the  high 
amplitude  anomalies  associated  with  the  cordillera  were  of  shallow 
origin,  suggesting  an  uplifted  basement,  These  same  high  amplitude 
anomalies,  observed  in  a  high  altitude  survey  flown  in  1950  and  1951, 
led  Kinglet  al.  (1966)  to  designate  a  "central  magnetic  zone"  whose 
anomalies  parallel  and  extend  beyond  the  flanks  of  the  Alpha  Cordiilera. 
They  noted  the  presence  of. broad,  long  wavelength  "block  shaped" 
positive  and  negative  anomalies  along  the  flanks,  which  they  considered 
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to  bo  related  to  the  "block-faulted  mountain  range"  origin  suggested 
by  I-Iunkins  (1961)  to  explain  the  rugged  relief  observed  from  Station 
Alpha. 

King  et  al.  (1964,  1966)  also  noted  the  resemblance  between  the  h’gh 
amplitude  anomalies  on  the  cordillera  and  adjacent  plains,  and  those 
over  the  Canadian  Shield.  They  concluded  that  the  Amerasia  Basin 
consists  of  a  large  sunken  block  of  highly  magnetic  continental  rock, 
presumably  Precambrian  like  the  rocks  in  the  Canadian  Shield  Complex. 
A  process  of  crustal  thinning  was  evoked  to  explain  the  thin  (hence 
oceanic)  character  ox  the  basin  crust  as  suggested  by  a]  the  surface 
wave  studies  of  Oliver  et  al.  (1955)  and  Hunkins  (1963),  and  bj  the 
gravity  observations  of  Ostenso  (196?).  The  downdropped-block 
hypothesis,  commonly  called  upon  in  early  speculations  on  the  origin 
of  the  Arctic  Basin  to  provide  a  connection  between  similar  tectonic 
features  observed  on  opposing  sides  of  the  basin,  seems  to  make  its 
last  appearance  in  the  paper  of  King  et  al.  (1966). 

Lachenbruch  and  Marshall  (1966)  measured  the  heat  flow,  at  twenty 
stations  over  the  v  ordillera^  flank  and  on  the  adjacent  plain  from  T-3 
in  1963,  and  found  the  flux  over  the  cordillera  to  be  about  one  half 
that  of  the  normal  and  uniform  (1.41  t  4%  mi c r  pcalories/.cm ^ s e c)  flux 
measured  on  the  plain.  Using  models  they ‘concluded  that  their, 
measurements  were  best  explained  by  a  zone  of  low  conductivity  rock 
extending,  below  the  cordillera  to  a  depth  of. at  least, 15  kilometers,  and' 
projecting  out  at  this  depth  for  some  distance  beneath  the  adjacent  plain- 
This  model  is  similar  to  the  anomalous  mantle  models  for  the  mid- 
oceanic  ridges  given  by  Talwani  et  al.  (196,5).. 

Sykes  (1965)  relocated  all  well-recorded  Arctic  earthquakes  for  the 
period  January  J9 53  to  March  1964.  In-the  vicinity  of  the  Alpha  Cord¬ 
illera  only  one  earthquake  was  recorded.  This  was  a  small  event,  of 
magnitude  4.9,  which  occurred  on.  June  3,  1956  on  the  Canadian  Shelf 
at  79.91*  North,  117,70°  West.  Barazangi  and  Dorman  (1970)  prepared 
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an  updated  Arctic  seismicity  map  (Figure  2)  based  upon  the  ESSA 
and  USC&GS  epicenters  for  1961  through  September  1969.  Again  only 
one  epicenter  was  obse.rved  along  the  trend  of  the  Alpha  Cordillera, 
on  the  continental  shelf  north  of  Canada.  From  these  data  one  can 
conclude  mat  the  Amerasia  Basin  is  essentially  aseismic. 

Beal  (1968)  reported  on  the  bathymetry  and  structure  of  the  Arctic 
Ocean,  based  primarily  on  the  bathymetric  data  collected  during 
United  States  nuclear  submarine  cruises  between  1958  and  1962.  Nine 
profiles  across  the  Alpha  Cordillera  assisted  greatly  in  defining  the 
physiography  of  this  feature.  Beal  (1968)  describes  the  Alpha  Cordillera 
as  a  broad  arch,  marked  with  volcanoes  and  regions  of  "high  frac¬ 
tured  plateau"  similar' to  those  observed  on  the  Mid t Atlantic  Ridge, 
and  by  scarps  500  to  1000  meters  high.  On  the  basis  of  the  physiography, 
the  magnetic  lineations,  and  the  relatively  small  quantity  of  geophysical 
data  pertaining  to  the  crustal  structure,  Beal;  (1968)  interpreted  the 
cordillera  as  an  inactive  mid-oceanic  ridge  which  has  undergone  some 
subsidence.  The  Alpha  Cordillera  was  considered  to  be  an  Arctic 
extension  of  the  buried  ridge  discovered  beneath  the  Labrador  Sea  by 
Drake  et  al.  (1963),  and  probably  responsible  for  the  opening  of  the 
Amerasia  Basin. 

In  the  meantime,  Soviet  investigators  mapped  the  magnetic  pat¬ 
terns  in  the  Eurasia  Basin.  Rasspkho  et  al.  (1967)  and  Karasik  (1968) 
showed  a  linear  anomaly  pattern  (Figure  3)  paralleling  the  Arctic  Mid- 
Ocean  Ridge  and  exhibiting  rough  symmetry  relative  to  the  ridge  axis, 
Karasik  (1968)  obtained  a  preliminary  spreading  rat.®  of  1.1  cm/year 
for  the  past  8-10  million  years  by  comparison  with  the  known  anomaly 
pattern  for  the  other  oceans.  Toward  the.  Alpha  Cordillera  and  the 
Mendeleyev  Ridge  the  anomaly  wavelengths  were  seen  to  increase  with 
the  pattern  becoming  more  irregular.  The  magnetic  anomaly  amplitudes 
over  the  Arctic  Mid-Ocean  Ridge  are  considerably  smaller  than  those 
on  the  Alpha  Cordillera. 

Vogt  and  Ostenso  (1970)  examined  the  existing  geophysical  and 
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geological  data,  and  found  it  to  be  consistent  with  the  hypothesis  that 
the  Alpha  Cordillera  is  an  inactive  mid-oceanic  ridge.  Using  additional 
low  level  aeromagnetic  profiles  flown  in  1963  and  1961,  they  attempted 
to  date  the  anomaly  pattern  over  the  cordillera.  A  comparison  of 
selected  profiles  projected  perpendicular  to  the  cordillera  with  profiles 
from  the  North  Atlantic  suggested  a  correlation  with  anomalies  now 
found  between  300  ana  j00  kilometers  from  the  axis  of  the  Reykjanes 
Ridge,  indicating  that  the  cordillera  became  inactive  in  the  Tertiary, 
probably  about  40  million  years  ago,  A  small  degree  of  symmetry  was 
observed:  in  some  of  the  profiles. 

Yogt  and  Cstenso  (1'970)  also  used  early  gravity  measurements  from 
Ice  Station  Arlis  II  over  the  Mendeleyev  Ridge,  and  from  T-3  and  Alpha 
over  the  Canadian  end  of  the  Alpha  Cordillera,  to  make  three  projected 
gravity  and  bathymetric  profiles  across  the  cordillera.  Model  calcul¬ 
ations  were  made  for  the  two  end  profiles,  using  six  layers.  A  root 
of  anomalous  mantle  extending  to  about  70  kilometers  was  required 
to  fit  the  observed  anomalies. 

Present  Work 

This  paper  presents  the  geophysical  findings  of  the  post- 1-9-6? 
drift  of  Fletcher's  Ice  Island  (T-3)  in  the  vicinity  of  the  .Alpha  Cordillera 
Fletcher's  Ice  Island  began  operations  in  March  1952  with  the  landing 
of  a  scientific  party  under  the  leadership  of  Lt.  Col.  Joseph  O.  Fletcher 
on  a  large  (approximately  170  square  kilometers)-and  thick  (about  50 
meters)  piece  of  glacial  ice.  This  tabular  iceberg  is  believed  to  have 
broken  off  from  the  land -fast  ice  shelf  along  the  northern  coast  of  Ellesmere 
Island.  The  morphology  of  the  ice  island  has  been. described  by  Smith  (4  960). 

For  the  next  eight  years,  T-3  drifted  south  and  west  from,  its  initial 
position  230  km  from  the  north  pole,  skirting  the  continental  margin 
north  of  Canada,  and  eventually  grounding,  in  April  I960,  on  a  shoal 
150  km  northwest  of  Barrow,.  Alaska.  Many  investigations,  some  of 
which  have  beer,  mentioned  in  the  previous  section,  were  carried  out 


from  the  station,  and  the  results  have  been  compiled  by  Bushnell  (1959), 
and  by  Cabaniss  et  al.  (1965).  Following  the  grounding,  the  station  was 
occupied  for  more  than  a  year,  but  was  finally  abandoned  in  September 
1961  when  it  was  decided  that  T-3  was  there  to  stay 

Sometime  during  the  next  winter  the  island  drifted  free,  and  on 
February  16,  1962  it  was  discovered  by  an  Arctic  Research  Labora¬ 
tory  (ARL)  plane  on  a  routine  supply  flight  to  the  new  ice  island,  Arlis 
H.  V/ithin  a  few- days  the  station  was  reoccupied  by  ARL  personnel, 
and  its  life  began  anew.  By  the  middle  of  May  a  geophysical  program 
was  ;being  conducted  by  scientists  of  the  Lament -Doherty  Geological 
Observatory.  This  program,  consisting  of  navigation,  depth  soundings, 
and  gravity  and  magnetic  pbservations ,  plus  supplemental  seismic 
reflection  measurements,  coring  and  bottom  photography,  continues 
to  the  present-time,  with  numerous  additions  and  refinements.  This 
program  is  customarily  carried  out  by  two  or  three  field  personnel. 

Figure  4  shows  the  drift  of  T-3  since  its- reoccupation.  During 
this  perio<Lthe;;station  has  completed  one  clockwise  orbit  around  the 
Canada  Basin,  and  is  now  on  its  way  through  a  second.  Three  insets 
show  the  areas  to  be  considered.  Area  I  and  II,  on  the  flank  of  the 
Mendeleyev  Ridge,  and  between  the  Chukchi -Rise  and  Alpha  Cordillera, 
were  investigate! d  during, the  1962-63  and  1966-68  drift  of  T-3.  Area  III 
was.anvestigated.  during  1968-7Q;-Depth  soundings  were  made  along 
much  of  the  drift  track.  In  1966  a  seismic  profiler  was  installed,  and 
reflection  measurements  were  obtained  along  much  of  the  1967  and 
1968-70  track.  During  these  periods  a  number  of  piston  cores ,  bottom 
photographs.,  and  light  scattering  measurements  were  also  obtained, 

The  T r 3  data,  together  with  pertinent  observations  from  Stations  Alpha, 
Charlie,  and  Arlis  II,  as  well  as  the  Russian  drift  station  North  Pole  2, 
have  been  used  in  the  study'.  The  recent  T-3  data  is  available  in 
reduced  graphical  form  in  a  report  by  ;Hunkins  et  al.  (1969).  The 
earlier  supplemental  data  was  taken  from  compilations  by  Bushnell 
(195.9),  Black  and  Ostenso  (1962),  Cabaniss  (1962),  Cabaniss  et  al.  (1965), 
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and  Somov  (1955). 

Additional  magnetic  measurements  were  made  by  members  of  the 
British  Trans -Arctic  Expedition  (BTAE)  wintering  on  an  ice  floe 
approximately  140  kilometers  to  the  northwest  of  T-3  during  the 
period  November  1968  to  February  1969.  These  measurements 
filled  in  many  details  of  the  anomaly  pattern  over  the  ridge  crest. 

The  present  findings  are  wholly  consistent  with  the  suggestion  of 
Beal  (1968)  and  Vogc  and  Ostenso  (1970)  that  the  Alpha  Cordillera  is 
an  inactive  mid-oceanic  ridge.  The  principal  evidence  for  this  is  the 
identification. of  at  least  five  fracture  zones  that  cut  the  cordillera,  and 
apparent  offsets  of  the  ridge  axis  in  the  crestal  regions.  Bathymetric 
data  suggest  the  presence  of  other  fractures,  while  seismic  reflection 
studies  suggest  a  buried  basement  topography  similar  to  that  found  on 
the  Mid-Atlantic  Ridge.  The  magnetic  and  gravity  data  support  this 
thesis,  and  suggest  the  existence  of  still  other  fractures. 

Bottom  currents  appear  to  control  sedimentation  over  a  large 
part  of  the  area  studied.  Elongate  sedimentary  ridges  or  waves  appear 
to  cover  the  crestal  plateau,  but  are  blanketed  with  a  uniform  cover  of 
pelagic  sediment,  suggesting  that  they  have  been  inactive  for  a  con¬ 
siderable  period  of  time.  These  waves  are  apparently  the  result  of 
a  strong^paleocirculatioii,  similar  to  the  weak  one  found  today,  which 
transported  sediment  across  the  ridge  from  northwest  to  southeast. 

Along  the  eastern  flank-of  the  Mendeleyev  Ridge  a  region  of  submarine 
erosion  is;  observed,  apparently  maintained  by  a  strong  flow  of  water 
through  the  Cooperation  Gap,  from  the  Makarov  Basin  to  the  Canada  Basin. 
A  zone  of  sediment  waves  observed  beneath  the  present  Mendeleyev 
Plain  indicates  that  bottom  currents  have  apparently  been  an  effective 
agent  of  deposition  in  the  past, 
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DATA  REDUCTION 

All  data  used  in  this  study  were  reduced  and  processed  with  the 
aid  of  an  electronic  digital  computer.  Several  Fortran  language 
programs  developed  for  this  investigation,  but  having  a  wider  range 
of  applicability,  are  described  and  listed  in  the  Appendix. 

Navigation 

The  drift  track  for  T-3  (Figure  4)  is  based  upon  two  types  of 
navigational  fixes.  Positions  prior  to  April  15,  1967,  and  for  the 
periods  November  18,  1967  to  February  17,  1968,  March  3,  1968  to 
April  28,  1968,  November  2,  1968  to  December  4,  1968,  and  January 
2,  1969  to  February  25,  1969  were  determined  by  celestial  navigation 
with  ^  theodolite,  whenever  visibility  permitted.  The  fixes  were  reduced 
by  computer  (see  Appendix).  A  maximum  error  of  tl  km  was  possible 
when  sun  shots  were  used  in  daylight  periods,  and  ±  \  km  when  star 
sights  were  used.  Positions  for  all  other  periods  are  from  satellite 
fixes  using  the  U.  S.  Navy  Navigation  Satellite  System  (NNSS)  described 
by  Guier  (1966)  and  reviewed  by  Talwani  et  al.  (1966).  Errors  in  excess 
of  t  j  km  are.  unlikely  because  of  the  high  rate  of  fixing  with  this 
method  at  polar  latitudes,  and  because  of  the  low  rate  of  ice  drift. 

Wind  data  were  used, in  another  program(see  Appendix)  to  compute  the 
most  probable  drift  of  the  island  between  fixes  by  applying  the  "rule" 
observed  by  Nansen  during  the  drift  of  the  Fram.  This  rule,  describing 
the  effect  at  the.  surface  of  the  Ekman  spiral,  states  that  the  ice  tends 
to  drift  at  a  small  fraction  of  the  wind  speed,  and  at  a  fixed  angle  to  the 
right  (in  the  northern  hemisphere)  of  the  wind. 

The  detailed  track  for  Areas  I  - III,  shown  as  insets  in  Figure  4, 
is  presented  in  Figures  5,  6,  and  7.  Individual  fixes  are  not  plotted  on 
the  drift  track,  as  up  to  fifty  per  day  are  available  with  the  satellite 
system.  Approximately  11,600  kilometers  of  track  are  represented  on 
these  three  maps.  Daily  distances  varied  from  zero  for  periods  of 
calm  to  a  maximum  of  25  kilometers.  An  analysis  of  more  than  2500 
days  drift  for  T-3  showed  the  average  daily  drift  to  be  5,2  km/day. 
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Depth  Soundings 

Depth  soundings  were  made  almost  continuously  using  a  precision 
depth  recorder  (PDR)  of  the  type  described  by  Hubbard  and  Luskin 
(1959).  A  Gifft  ESRTR-3  sonar  transceiver  was  used  as  the  sound 
transmitter  and  receiver,  driving  an  EDO  Corporation  AN/UQN  12  KHz 
transducer  at  a  nominal  pulsed  power  of  1000  watts.  All  soundings 
were  made  on  a  1  second  (750  meters)  recording  scale,  with  a  paper 
feed  rate  of  approximately  l  cm/hour.  The  echo-distance  error  due  to 
timing  in  the  recorder  and  reading  of  the  records  was  about  0.0025 
seconds  (t  2  meters).  The  records  were  digitized  at  frequent  intervals 
(0.1  to  0,5  km),  and  at  all  slope  changes  to  allow  accurate  interpolations. 
These  soundings  were  corrected  for  the  vertical  variations  in  the  sound 
velocity  (Matthews,  1939)  as  part  of  the  computer  reduction  program. 
Corrections  of  the  order  of  +60  meters  were  needed  for  water  depths 
of  3000  meters.  No  slope,  corrections  were  applied. 

Between  May  1962  and  June  1963,  when  the  PDR  was  put  into 
operation,  soundings  were  obtained  using  explosive  charges  and  a  geo¬ 
phone  detector.  A  total  of  617  spot  soundings  were  obtained,  with-,' 
measurement  accuracy  of  t  1  millisecond,  or  less  than  2  meters.  These 
soundings  were  corrected  in  the  same  manner  as  the  PDR  data. 

Gravity  Measurements 

Gravity  measurements  were  made  several  times  a  day  with  a 
.Lacoste  &.  Romberg  Model  G  (No.  27)  geodetic  gravity  meter.  The  meter 
was  mounted  on  a  wooden  post  which  projected  through  the  labratory 
floor  and. was  securely  frozen  into  the  ice,  The  meter  height  was  approx¬ 
imately  4  meters  above  sealevel.  Ice  vibrations  generally  did. not  inter¬ 
fere  with  the  observations.  In  order  to  record  its  instrumental  drift, 
this  meter  was  used  in  comparison  measurements  at  the  University  of 
Wisconsin  pendulum  station  at  Barrow,  Alaska,  twenty- five  times  between 
1962  and  1970.  The  drift  is  shown  in  Figure  8.  Abrupt  changes  in  drift 
occurred  in  late  1964  and  1969  (not  shown  in  diagram),  but  these 
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have  been  accounted  for  and  the  data  corrected.  Elsewhere,  a  linear 
drift  has  been  assumed  between  calibrations. 

The  observations  were  reduced  to  sealevel,  and  corrected  for 
the  acceleration  due  to  east-west  motion  (the  Eotvos  correction)  by 
the  reduction  program.  This  correction  seldom  exceeded  t  1  milligal. 
Maximum  errors  are  considered  to  be  less  than  1  milligal  for  most 
observations,  but  possibly  as  much  as  t  5  milligals  during  the  severest 
storms. 

Simple  bouguer  anomalies  were  computed  for  each  observation 
by  adding  the  attraction  of  a  horizontally  infinite  plate,  of  density  1.64 
g/cc  and  thickness  equal  to  the  water  depth,  to  the  free  air  anomaly. 
Approximately  8000  gravity  observations  were  used  in  the  present 
study. 

An  additional  150  gravity  measurements,  obtained  from  Station 
Alpha  in  1958  with  a  Frost  C-l-15  gravity  meter,  were  used  in  Area 
III  to  assist  in  contouring.  These  observations  are  of  limited  value 
because  the  abandonment  of  the -station,  following  seven  months  of 
measurement^,  did  not  permit  a  final  calibration.  Comparison,  of  the 
Alpha  measurements  with  the  calibrated  observations  from  T -3  at  five 
Alpha/T-3  track  intersections  show  the  Alpha  data  to  be  about  15  milligals 
too  high,  and  they  have  been  adjusted  accordingly. 

Magnetic  Measurements 

The  total  intensity  of- the  earth's  magnetic  field  was  measured 
almost  continuously  with  a  proton  precession  magnetometer  (Packard 
and  Varian,  1954)  built  at  the  Lamont-Doherty  Geological  Observatory. 
Readings  were  made  every  six  seconds  and  recorded  on  a  strip  chart. 
Magnetic  total  intensity  was  calculated  from  precession  frequency 
according  to  the  relation  H  ;=  23.487386  f  where  H  is  the  total  field  in 
gammas  (i0'5gauss)  and  f  is  the  proton  precession  frequency  in  hertz. 

The  precession  frequency  measurements  were  made  with  a  frequency 
counter,  whose  crystal  oscillator  time  base  was  checked  periodically 
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against  other  frequency  standards.  The  individual  measurements 
are  accurate  to  better  than  110  gammas. 

Diurnal  variations  of  the  earth's  magnetic  field  in  polar  regions 
commonly  exceed  one  hundred  gammas  (Hunkins  et  al.  ,  1062,  and 
Walker,  1962).  The  periodic  nature  of  these  variations  was  used  to 
eliminate  them,  by  averaging  the  observations  over  24  hour  periods. 

The  records  were  read  every  hour,  and  the  filtered  field  strength 
computed  at  each  observation  point  by  taking  an  average  of  the  twenty- 
four  hourly  readings  centered  about  that  time. 

The  value  of  the  earth's  regional  field  was  removed  by  the  use 
of  a  Taylor  series  expansion  of  third  degree,  fitted  by  least  squares 
to  the  regional  field  in  this  area  by  the  Dominion  Observatory  of 
Canada  (Haines,  1967).  The  area  of  this  investigation  lies  near  the 
center  of  their  aeromagnetic  survey.  The  magnetic  total  intensity 
anomalies  presented  here  are  defined  as  the  difference  between  the 
observed  total  magnetic  field  and  the  computed  regional  field  at  the 
point  of  observation. 

During  the  winter  of  1968-69,  the  magnetic  observations  from  T-3 
were  supplemented  by  measurements  made  by  the  British  Trans -Arctic 
Expedition  (BTAE)  from  an  ice  floe  approximately  140  kilometers  to 
the  northwest  of  T-3.  A  Va.rian  M -49  portable  proton  precession  mag¬ 
netometer  was  read  every  hour  when  possible.  This  instrument  uses 
vibrating  reeds  to  indicate  the  precession  frequency,  and  gives  a  direct 
readout  of  field  strength  in  gammas.  These  observations  are  accurate 
to  better  than  t  20  gammas,  and  were  reduced  in  the  same  manner  as 
those  from  T-3.  This  same  instrument  was  used  on  T-3  in  1962. 

Airborne  total  intensity  measurements  reported  by  Ostenso  and 
Wold  (1970)  were  a  useful  aid  to  interpretation.  These  measurements 
were  made  at  an  altitude  of  450  meters  with  a  proton  precession  mag¬ 
netometer.  No  attempt  was  made  to  reduce  these  observations  to 
sealevel,  a  change  of  less  than  20  gammas.  A  correction  for  temporal 
variations  in  the  magnetic  field  was  not  considered  necessary  as  all 
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flights  through  these  areas  were  of  less  than  two  hour's  duration.  Any 
difference  will  be  shown  as  a  constant  factor  relative  to  the  ice  island 
measurements.  The  estimated  error  in  positioning  for  these  measurements 
is  less  than  15  kilometers. 

Seismic  Reflection  Measurements 

A  seismic  reflection  profiler  was  in  operation  between  February 
and  October  1967,  November  1967  and  March  1968,  August  1968  and 
June  1969,  during  two  weeks  in  August  and  September  of  1969,  and 
November  1969  to  June  1970.  Approximately  4000  kilometers  of 
track  have  been  profiled.  The  system  used  is  a  modification  of  that 
used  aboard  oceanographic  vessels,  and  will  be  described  below. 

The  sound  source  consists  of  a  triggered  capacitor  bank  from 
a  9000  joule  storage  capacity  "boomer"  (Edgerton  and  Hayward,  1964), 
discharging  through  an  underwater  spark  transducer.  The  transducer 
is  a  flexible  two-conductor  cable,  terminated  by  a  tape-covered  5/8" 
diameter  brass  rod  with  one  end  open  to  the  seawater,  and  by  a  length 
of  exposed  copper  braid  wrapped  around  the  cable  30  cm  back  from  the 
end.  When  the  sparker  is  triggered,  the  capacitor  banks  discharge 
into  the  ocean  via  the  brass  rod,  causing  breakdown  of  the  seawater 
and  producing  an  acoustic  shock  pulse.  The  copper  braid  ensures  a 
good  connection  of  the  capacitor  bank  ground  to  the  seawater.  Spectral 
measurements  of  the  pulse  at  a  listening  array  5  km  from  the  transducer 
indicated  a  peak  intensity  at  80  hertz.  Caulfield  (1962)  has  described  the 
various  parameters  affecting  pulse  shape  and  intensity. 

The  transducer  was  suspended  about  8  meters  below -the  sea  ice 
near  the  edge  of  the  ice  island.  The  cable  was  passed  through  an  oil- 
filled  pipe  frozen  into  the  4  meter  thick  ice,  so  that  it  could  be  pulled 
up  periodically  for  inspection.  Maint^fnence  of  the  transducer  was 
minimal  --a  five  minute  check  each  week  to  assure  that  the  electrode 
and  tape  cover  eroded  together,  and  replacement  about  every  eight  ; 
months.  Details  of  electrode  construction  are  discussed  by  Hill  (1964). 
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The  reflected  signals  were  detected  by  two  hydrophones,  30  meters 
apart,  suspended  on  electrical  cables  approximately  4  meters  below 
the  sea  ice  adjacent  to  the  ice  island.  The  hydrophones  were  faired 
to  reduce  tow  noise,  and  had  horizontal  separations  of  20  meters  and 
30  meters  from  the  spark  source.  The  hydrophones  are  barium 
ti tana te, flexural  disk  transducers  built  by  the  U.  S.  Navy  Underwater 
Sound  Laboratory  (  Woollett,  I960).  These  highly  sensitive  hydrophones 
have  a  0.1  mfd  capacitance,  eliminating  the  need  for  a  preamplifier 
in  the  hydrophone  case. 

The  hydrophone  signals  were  mixed  and  preamplified  at  the 
ice  surface,  then  amplified,  filtered,  and  recorded  on  a  modified 
Westrex  chart  recorder.  This  recorder  uses  an  electrified  stylus,  riding 
on  a  translating  steel  band,  to  write  on  electro-sensitive  dry  recording 
paper  passing  slowly  under  the  bajid.  The  band  has  three  styli  spaced 
at  equal  intervals,  so  that  as  one  stylus  finishes  writing  a  line,  the 
next, one  commences  its  sweep.  A  six  second  sweep  was  used  for  this 
work,  controlled  by  a  precision  frequency  derived  mechanically  from 
a  synchronous  clock.  The  paper  speed  was  approximately  11  centimeters 
per  day.  A  cam  and  gating  arrangement  was  used  to  control  the 
operating  program  of  the  profiler.  Once  every  five  minutes,  this, 
programmer  turned  off  the  PDR  so  that  it  would  not  interfere  with  the 
profiler,  fired  the  spark  source  as  one  stylus  began  its  sweep,  allowed 
the  reflected  signals  to  print  on  the  paper,  then  disconnected  the  print 
amplifier  from  the  styli  so  that  nothing  was  printed  until  the  beginning 
of  the  xiext  five  minute  interval, 

A  two -channel  drum  recorder  with  brake -clutch  mechanism, 
similar  to  that  used  by  Kutschale  (1966)  on  Arli3  II,  was  used  along 
with  the  chart  recorder  during  part  of  1967  and  1968.  This  10  second 
sweep  recorder  generally  produced  better  records,  but  required 
considerably  more  maincainence. 

Individual. seismic  reflection  measurements  were  obtained  prior 


to  June  1963  by  allowing  the  direct  writing  oscillograph  used  to  record 
depth  soundings  to  record  also  the  subbottom  reflections  following  the 
direct  bottom  arrival.  The -most  prominent  subbottom  reflections 
were  then  used  to  prepare  the  seismic  reflection  profiles  shown  in 
Figure  16. 

Data  Storage  and  .Presentation 

The  results  of  the  reduction  programs  for  navigation,  bathymetry, 
gravity  and  magnetics  were  combined  to  form  a  single  magnetic  tape 
for  the  computer,  containing  blocks  of  data  with  observation  time, 
geographic  position,  ice  island  orientation  (azimuth),  water  depth, 
observed  gravity,  free -air  and  Bouguer  anomalies,  total  magnetic 
field,  and  magnetic  anomaly  for  every  hour  along  the  drift  track.  For 
purposes  of  comparison,  one  hour  of  track  at  usual  ice  island  speeds 
is  roughly  equivalent  in  distance  to  that  traversed  in  45  seconds  by  a 
12  knot  ship.  Altogether  the  tape  contains  data  recorded  over  70,000 
hours. 

The  tape  was  used  to  prepare  contour  maps  and  construct  profiles, 
using  an  automatic  30"  plotter  controlled  by  the  computer.  The  contour 
program  is  arranged  to  print  out  the  contour  riuinber  at  the  location 
along  the  track  at  which  that  particular  contour  is  crossed.  Any  map 
scale  and  contour  interval  can  be  used.  In  this  fashion  the  computer 
performs  the  task  of  interpolating  contour  crossings,  and  the  portion 
of  track  between  contours  acts  as  a  constraint  during  the  manual  process 
of  drawing  contour  lines. 

Profiles,  were  produced  by  specifying  endpoint  positions  for  each 
segment  of  the  profile,  and  then  specifying  the  beginning  and  end  times 
of  portions  of  track  that  should  be  projected  onto  the  profile.  Bathy¬ 
metry,  free-air  and  Bouguer  anomalies,  and  magnetic  anomalies  were 
projected  in  this  manner.  Because  of  the  contorted  nature  of  the  track, 
the  seismic  profiles  were  also  digitized  in  sections,  and  fed  into  the 
computer  for  projection.  The  vertical  scale  for  bathymetry  and  subbottom 
reflections  on  all  projected  profiles,  is  in  meters,  not  reflection  time. 
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Water  depths  are  all  expressed  as  corrected  meters.  Sediment  thick 
nesses  are  based  upon  an  assumed  sediment  sound  velocity  of  2  kilo¬ 
meters  per  second,  so  that  the  thickness  in  kilometers  is  equal  to 
the  round-trip  travel  time  in  seconds, 
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PART  I:  TECTONIC  FEATURES 
Bathymetry 

The  area  of  investigation  has  been  subdivided  into  three  areas, 
shown  as  Areas  I  -  III  in  the  index  map  (Figure  4).  Contour  maps 
with  100  meter  isobaths  have  been  prepared  for  each  area.  In  those 
parts  .vhere  no  new  depth  information  is  available,  generalized  500 
meter  isobaths  from  the  Canadian  Hydrographic  Survey  Chart  No.  897 
(DeLeeuw,  1967)  have  been  added.  All  three  areas  have  been  combined 
into  one  bathymetric  chart  in  Figure  28a.  Selected  profiles  from  these 
areas  are  shown  in  Figures  13-19. 

Area  I  (Figure  9)  includes  the  Chukchi  Cap,  the  western  margin  of 
the  Chukchi  Rise,  the  Charlie  Gap  leading  north  from  the  Chukchi  Plain 
to  the  Mendeleye'  Plain,  and  the  eastern  margin  of  the  Mendeleyev 
Ridge.  The  Mendeleyev  Plain,  described  here  for  the  first  time,  has 
gradients  of  about  1 : i 00C  and  lies  at  a  depth  of  about  3300  meters.  Its 
gradient  barely  classifies  it  as  an.  abyssal  plain.  On  the  west,  the  Men¬ 
deleyev  Ridge  rises  2300  meters  above  the  adjacent  plain  to  form 
three  isolated  plateaus.  Two  of  these  are  named  for  the  submarine 
U.  S.  S.  Sargo  and  Ice  Station  Arils  II  (this  plateau  is  off  the  map), 
from  which  they  were  discovered  (DeLeeuw,  1967).  A  third  plateau 
was  discovered  in  this  investigation,  located  still  further  north  around 
790N  and  176''W,  and  at  a  slightly  greater  depth  of  around  1100  meters. 
It  is  proposed- that  this  plateau  be  named  the  T-3  Plateau. 

The  transition  from  the  ridge  to  the  plain  is  gradual  in  the  parts 
surveyed.  To  the  north,  the  ridge  is  paralleled  by  a  600  meter  high 
scarp  which  faces  the  ridge  across  a  trough.  This  ridge  disappears 
r.o  the  north,  being  absent  altogether  in  a  traverse  5ft  kilometers  away. 
This  feature,  shown  in  cross  section  in  Figures  13,  14,  and  35,  is 
interpreted  as  a  fracture  zone,  associated  with  the  Alpha  Cordillera,, 
which  locally  parallels  the  Mendeleyev  Ridge.  The  name  Mendeleyev 


Fracture  Zone  is  proposed  for  this  feature.  Along  the  ridge  flank  the 
topography  appears  to  trend  NNW-SSE,  paralleling  the  fracture 
zone. 

Area  II  bathymetry  is  shown  in  Figure  10,  with  selected  profiles 
in  Figure  15.  Principal  features  in  this  area  are  the  northwestern 
part  of  the  Canada  Plain,  the  northern  extremities  of  the  Chukchi 
Rise,  and  the  southern  flank  of  the  Alpha  Cordillera.  The  Canada 
Plain  in  this  area  lies  at  approximately  3800  meters,  becoming  slightly 
shcillower  toward  the  cordillera.  A  small  isolated  depression  was 
discovered  on  the  northern  margin  of  the  Chukchi  Rise. 

Three  topographic  highs  with  crestal  depressions  were  traversed 
in  Area  II.  These  are  interpreted  as  seamounts,  although  from  the 
crossings  it  is  uncertain  whether  they  are  isolated  features.  This 
interpretation  is  supported  however,  by  the  observation  in  the  nuclear 
submarine  bathymetric  profiles  of  similar  structures,  which  Beal 
(1968)  considered  to  be  volcanic.  One  seamount,  600  meters  high, 
was  crossed  on  the  northern  margin  of  the  Chukchi  Rise.  Although 
submarine  morphologists  generally  consider  a  relief  of  at  least  700 
and  preferably  1000  meters  necessary  for  classification  as  a  seamount, 
it  is  suggested  from  Profile  X-Y-Z  in  Figure  1-5  that  this  is  a  true 
seamount  which  has  been  partially  buried  by  the  sediments  forming  the 
plain. 

Two  other  seamounts,  1200  meters  in  height,  were  crossed  on  the 
lower  flank  of  the  Alpha  Cordillera.  On  the  Canadian  chart  (DeLeeuw, 
1967)  these  features  appear  as  the  southern  end  of  a  long  NNW-SSE 
trending  ridge.  In  this  paper  they  have  been  reinterpreted  as  seamounts, 
probably  volcanic  in  origin,  because  of  their  crestal  depressions  (see 
Profile  A-B  in  Figure  15),  the  associated  magnetic  anomaly  (F  igure  16 
and  Figure  26),  and  because  cf  the  very  low  heat  flow  measured  on 
their  flanks  by  Lachenbruch  and  Marshall  (1966).  Subsequent  heat  flow 
measurements  over  the  Alpha  Cordillera  have  shown  the  heat  flow  to 


30 


be  generally  normal  and  uniform  (Dr,  A.  Lachenbruch,  personal 
communication),  which  suggests  that  the  low  observed  heat  flow 
values  could  be  the  result  of  low  conductivity  volcanic  material. 

Names  are  proposed  for  these  seamounts,  to  honor  scientists 
involved  in  the  exploration  of  this  part  of  the  Arctic  Ocean.  The 
largest  seamount  on  the  flank  of  the  Alpha  Cordillera  is  named  after 
Rollin  Arthur  Harris  (1863-1918),  who  in  1904  proposed  the  amphi- 
dromic  regime  of  tides  and  predicted  the  existence  of  the  Lomo¬ 
nosov  Ridge  from  tidal  observations.  The  nearby  seamount  is  named 
after  Sir  Hubert  (George  H.  )  Wilkins  (1888-1958)  who  pioneered  the 
use  of  aircraft  and  submarine  for  Arctic  Ocean  exploration. 

East  of  the  plain,  a  rectangular  region  juts  south  from  the 
cordillera,  rising  800  meters  above  the  adjacent  plain.  On  the  western 
edge  of  this  upland,  paralleling  the  plain,  is  a  narrow  ridge  which 
rises  to  a  depth  of  less  than  2900  meters.  Named  the  Lamont  Ridge 
by  DeLeeuw  (1966),  this  narrow  ridge  is  clearly  seen  in  seven  cross¬ 
ings  spaced  over  a  distance  of  200  kilometers  (see  Figure  15).  Steep 
slopes  are  observed  on  both  flanks  of  this  ridge  at  its  southern  end. 

In  the  northeast  corner  of  this  area,  an  isolated  seamount  was  delin¬ 
eated  when  the  ice  island  followed  an  "N"  shaped  track.  Steep  sides 
were  observed  on  the  northeast  and  southeast  sides  of  the  flat-topped 
structure,  shown  in  Profile  C-D  in  Figure  15,  suggesting  that  it  is 
bounded  on  the  east  by  a  fracture  striking  m  the  direction  of  a  steep 
valley  observed  by  Hunkins  (1961)  from  Station  Alpha.  This  valley 
appears  in  Area  III  (Figure  11).  This  seamount  is  named  after  Albert 
P.  Crary,  whose  early  geophysical  measurements  from  T-3  delineated 
the  North  Ai  erican  terminus  of  the  Alpha  Cordillera. 

Area  III  comprise?  the  flank  and  crestal  regions  of  the  central 
section  of  the  Alpha  Cordillera.  Soundings  reported  by  Hunkins  (1961) 
from  the  drift  of  Station  Alpha  have  been  included  in  the  contouring  of 
this  area.  The  general  trend  of  the  topography  is  NE-SW,  paralleling 
the  trend  of  the  cordillera.  Two  seamounts  were  traversed  on  the  upper 
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flank  of  the  cordillera.  The  one  to  the  south,  over  700  meters  high, 
is  named  after  M.  Allen  Beal,  who  was  one  of  the  first  to  suggest 
that  the  Alpha  Cordillera  is  a  fossil  mid-oceanic  ridge,  and  whose 
contribution  to  our  knowledge  of  the  physiography  of  the  Arctic  Ocean 
Basin  has  already  been  acknowledged.  To  the  north,  a  second  seamount 
rising  nearly  a  kilometer  above  the  surrounding  topography  is  named 
after  Ned  Ostenso,  whose  aeromagnetic,  airlifted  gravity,  and 
other  marine  geophysical  measurements  from  Ice  Station  Arlis  II 
have  added  significantly  to  our  knowledge  of  the  Arctic  Basin.  A 
depression  was  observed  at  the  summit,  suggesting  that  Ostenso 
Seamount  is  also  volcanic. 

In  the  central  part  of  the  area,  the  crestal  regions  are  characterized 
by  extensive,  rather  level  areas  of  low  relief.  This  crestal  plateau  is  cut 
on  the  west  by  depressions  that  run  subparallel  to  the  trend  of  the  cord¬ 
illera.  On  the  central  crossing,  seen  in  Figure  17  as  Profile  K-P,  this 
plateau  dips  toward  the  south,  dropping  off  at  its  northern  and  highest 
edge  through  a  series  of  northward  dipping  step  faults  to  a  partially 
surveyed  plain  at  2300  meters.  To  the  east,  a  fourth  crossing  (Figure 
18)  showed  alternating  crestal  plateau  and  deep  graben-like  valleys.  A 
pronounced  characteristic  of  the  soundings  on  the  crestal  plateau  was  the 
appearance  of  numerous  hyperbolic  echoes,  which  are  discussed  in  some 
detail  in  the  second  part  of  this  paper. 

A  general  profile  across  slightly  more  than  half  of  the  cordillera  is 
shown  in  Figure  12  (see  Figure  4  for  the  location  of  this  profile).  This 
projected  profile  runs  in  a  straight  line  from  the  northern  margin -of 
the  Chukchi  Rise  to  just  beyond  the  apparent  axis  of  the  cordillera  as 
indicated  by  the  bathymetry,  gravity,  and  magnetics.  Since  the  projected 
track  overlapped  itself  in  several  places,  a  choice  of  bottom  traces  was 
offered.  Sections  containing  exaggerated  relief  were  rejected  in  favor 


of  those  showing  a  more  general  trend.  In  this  profile,  the  Alpha 
Cordillera  appears  as  a  rounded  feature,  rising  nearly  2  kilometers 
above  the  Canada  Plain.  To  the  east  of  this  profile  the  crestal  regions 
are  higher  still,  reaching  depths  of  less  tniui  1  100  meters.  Of  note 
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is  the  concordance  of  heights  of  five  elevated  portions  of  the 
southern  flank  of  the  cordillera  along  an  inclined  line  of  0°  23'  slope. 
This  slope  is  identical  to  that  given  by  Beal  (1968)  from  an  analysis 
of  nine  submarine  crossings  of  the  Alpha  Cordillera. 

Seismic  Reflection  Measurements 

The  results  of  the  seismic  reflection  measurements  are  shown 
in  Figures  13  through  18.  With  the  exception  of  Figure  16,  which  is 
derived  from  explosive  soundings,  these  profiles  were  obtained  with 
the  9000  joule  sparker  system.  The  records  were  digitized  and 
projected  in  order  to  remove  the  effects  of  the  erratic  ice  motion, 
and  to  provide  some  continuity  by  joining  segments  obtained  during 
different  periods  of  drift.  A  comparison  of  Profile  C-C1  in  Figure 
13  with  the  actual  records  used  in  its  construction  (Figures  33  and 
35)  will  show  the  type  of  interfaces  chosen  for  digitization.  In  these 
profiles,  what  is  interpreted  as  basement  --  the  basaltic  layer  with 
4.5  -  5.5  km/sec  compressional  wave  velocity  observed  to  underlie 
the  sediments  in  other  oceans  --  has1  been  blackened.  Its  upper 
surface  is  usually  recognized  as  the  beginning  of  a  series  of  large 
hyperbolae. 

Three  segments  of  track  crossed  the  Mendeleyev  Fracture  Zone, 
a  high  scarp  and  trough  paralleling  the  Mendeleyev  Ridge.  Figure  13 
shows  these  segments  projected  onto  a  common  fixed  plane.  From 
this  figure  it  is  apparent  that  the  fracture  can  be  traced  over  a  distance 
of  at  least  80  kilometers.  Differences  in  stratigraphy  across  the  scarp, 
discussed  in  some  detail  in  Part  II  of  this  paper,  indicate  that  these 
sediments  were  deposited  after  the  formation  of  this  fracture.  The 
topography  of  the  basement  is  quite  rough.  In  Profile  A-A\  the  top 
layer  consisting  of  several  hundred  meters  of  conformable  sediment, 
overlies  relatively  flat  sediments  which  appear  to  have  undergone 
considerable  erosion.  Higher  on  the  Mendeleyev  Ridge  (Figure  14), 
reflection  measurements  along  a  zig-zag  track  (Profile  j-s)  show 
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the  Mendeleyev  Ridge  to  have  a  relatively  thick  and  highly  variable 
sediment  cover.  Steep  slopes  and  rough  topography  within  the  basement 
are  reflected  in  the  surface  topography,  even  though  large  volumes 
of  sediment  have  partially  filled  some  of  the  valleys. 

More  than  two  kilometers  of  sediment  were  observed  beneath 
the  Mendeleyev  Plain,  with  no  indication  of  basement.  Kutschale's 
(1966)  measurement  of  at  least  3.5  km  of  sediment  beneath  the 
Wrangel  Plain,  across  the  Mendeleyev  Ridge  approximately  300 
kilometers  to  the  northwest,  suggests  that  considerably  more 
sediment  exists.  Beneath  the  Mendeleyev  Plain,  about  100  km 
east  of  the  fracture  zone,  the  deepest  interfaces  appear  to  rise 
slightly,  perhaps  reflecting  a  similar  rise  in  the  underlying  basement. 

On  the  northern  margin  of  the  Chukchi  Rise  (Figure  15)  the 
profiles  reveal  a  basement  topography  which  is  considerably  less  rough 
than  that  over  the  Mendeleyev  Ridge.  The  sediment  cover  generally 
varies  between  500  meters  and  more  than  a  kilometer.  The  tightly 
grouped  profiles  reveal  a  succession  of  basement  highs  and  lows  which 
appear  to  trend  north-northwest.  Over  two  kilometers  of  sediment 
were  observed  beneath  the  northern  Canada  Plain.  Again  no  basement 
reflections  were  observed.  The  basement  appears  to  drop  precipitously 
north  of  the  Chukchi  Rise.  Dipping  interfaces  beneath  the  plain,  more 
than  50  kilometers  further  north,  suggest  that  a  considerable  thickness 
of  sediment  exists  beneath  that  already  observed. 

The  individual  reflection  measurements  from  the  1962-63  drift 
(Figure  16)  show  a  thick  sediment  cover  extending  onto  the  Chukchi 
Cap,  with  approximately  500  meters  on  the  Cap  itself. 

The  seismic  reflection  profiles  from  the  Alpha  Cordillera  (Figures 
17  and  18)  show  the  sediment  cover  to  vary  from  as  little  as  100  meters 
to  more  than  1200  meters.  The  thickness  increases  toward  the  east, 
probably  as  a  result  of  increased  deposition  near  the  continental 
shelf.  Toward  the  west,  sedimentation  appears  to  be  partially  controlled 
by  bottom  currents,  which  have  redistributed  the  available  sediment. 
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This  sedimentation  is  discussed  in  some  detail  in  Part  II. 

Beneath  the  sediments  a  rough  basement  topography  is  indicated. 

A  comparison  of  the  observed  basement  topography  with  that  of 
the  Mid-Atlantic  Ridge  as  given  by  rleeaen  et  al.  (1959)  reveals 
a  similarity  (Figure  19).  In  this  part  of  the  Alpha  Cordillera  only 
the  higher  portions  of  the  high  fractured  plateau  province,  and  the 
rift  valley  and  rift  mountain  provinces  appear  to  be  represented, 

Within  the  rift  mountains  (Profile  2  in  Figure  19  or  Profile  B-E  in 
Figure  17),  the  ridges  are  topographically  higher  and  of  greater  wave¬ 
length  while  the  high  fractured  plateau  (Profile  1  in  Figure  19  or 
Profile  Q-T  in  Figure  17)  is  lower,  and  exhibits  a  shorter  wavelength. 

The  boundary  between  the  two  provinces  appear?  to  be  the  small  ridge 
seen  on  the  southern  flank  in  all  profiles  at  the  2500  meter  contour, 
which  is  a  reflection  of  a  similar  buried  basement  ridge. 

Two  steep-sided  depressions  up  to  a  kilometer  deep  were  traversed 
over  the  crest  of  the  cordillera  in  the  eastei*n  part  of  Area  III.  Step 
faults  bound  these  depressions ,  and  there  is  some  suggestion  (Figure 
18  (botton.j,  Profiles  V-W  and  A-S)  that  the  floor  of  these  depressions 
is  also  faulted.  The  fault  traces  appear  to  extend  to  the  surface,  suggesting 
that  tensiona.1  forces  continue  to  act  on  the  cordillera.  These  depressions 
show  some  resemblance  to  the  sediment-filled  rift  valleys  found  on 
land  (Holmes,  1965). 

Gravity  Measurements 

Figures  20,  21,  and  22  show  the  free-air  gravity  over  the  area  of 
investigation,  contoured  every  milligals.  A  map  with  all  three  areas 
combined  is  shown  in  Figure  28b.  The  isogals  generally  follow  the 
topography,  with  a  maximum  of  more  than  +80  milligals  occurring 
on  the  crestal  highs  of  the  Alpha  Cordillera,  and  minima  of  -30 
milligals  within  the  depression  on  the  r--.,'nern  margin  of  the  Chukchi 
Rise,  and  along  the  crestal  rift  of  the  Alpha  Cordillera.  The  average 
gravity  field  is  decidedly  positive,  a  characteristic  of  the  entire 
Arctic  Ocean  Basin. 
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The  Bouguer  anomalies  are  generally  smoother  than  the  free -air 
in  the  immediate  vicinity  of  topographic  highs,  suggesting  that  these 
features  have  densities  near  2.67  g/cc.  These  effects  can  best  be 
seen  in  the  long  Profile  A -A1  across  the  southern  half  of  the  cordillera 
(Figure  12),  which  shows  a  well  developed  Bouguer  minimum  at  the 
crest.  This  minimum  suggests  mass  compensation  at  depth,  and  is 
similar  to  that  shown  by  Taiwan!  et  al.  (1965)  for  the  mid-oceanic  ridges 
The  slope  changes  over  the  flanks  are  particularly  evident. 

A  two-dimensional  crustal  model  was  fitted  to  this  long  profile 
using  the  procedures  outlined  by  Talwani  et  al.  (1959),  and  by  Hayes 
(1966).  Only  one  control  point  was  available  for  this  profile.  Refraction 
Station  5,  from  the  1957-58  drift  of  Station  Alpha,  lies  on  the  flank 
of  a  topographic  high  at  85  °01.7'N  between  137°54'W  and  139°  06' W, 
approximately  10  kilometers  from  the  T-3  track  (Figure  7).  For  this 
station,  Hunkins  (1961)  reported  0.29  km  of  2.0  km/sec  sediment  and 
2.80  km  of  4.70  km/sec  "basement"  material  overlying  an  "oceanic" 
layer  of  6.44  km/sec  compressional  wave  velocity.  The  existence  of  a 
basement  and  oceanic  layer  in  this  refraction  profile  suggested  that 
a  multilayer  crustal  section  such  as  that  used  by  Talwani  et  al.  (1965) 
might  be  more  appropriate  than  one  using  a  single  crustal  block  with 
varying  thickness  and  density  around  2.87  g/cc.  The  reflection  data 
shows  considerably  more  than  0.29  km  of  sediment  in  many  areas  on 
the  cordillera,  but  the  control  from  the  seismic  reflection  measurements 
is  unfortunately  not  continuous,  so  that  sediment  and  basement  have  been 
lumped  together  into  a  single  layer  of  density  2.30  g/cc.  This 
density  is  roughly  equivalent  to  sediment  and  basement  in  the  ratio  1:2, 
since  the  measured  velocities  correspond  to  densities  of  1,  90  and  2.50 
g/cc  on  the  Nafe  and  Drake  (1963)  curve.  The  oceanic  layer  was 
assumed  to  have  a  constant  thickness  of  5  km  under  the  cordillera 
and  adjacent  plain.  This  thickness  is  based  upon  the  average  for  this 
layer  in  the  other  world  oceans  (Worzel  and  Shurbet,  1955).  A  similar 
layer  pinches  out  over  the  crest  of  the  Mid-Atlantic  Ridge,  but  is 
continuous  over  the  East  Pacific  Rise.  A  density  of  2.80  g/cc  was  given  to 
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this  layer,  roughly  corresponding  to  its  6.44  km/sec  seismic 
velocity.  Additional  compensation  under  the  cordillera  was  assumed 
to  result  from  a  low  density  root  consisting  of  3.15  g/cc  "anomalous" 
mantle,  overlying  a  normal  mantle  with  density  3,40  g/cc. 

The  crustal  section  is  shown  in  Figure  23.  The  sediment-basement 
layer  was  assumed  to  thicken  in  the  direction  of  the  neighboring  plain, 
primarily  due  to  thickening  sediments  observed  by  the  reflection  meas¬ 
urements.  The  depths  to  the  layers  were  specified  at  inflection  points 
in  the  free-air,  Bouguer,  and  topographic  trends,  and  adjusted  so 
that  the  pressure  of  the  layers,  less  the  observed  free-air  gravity, 
would  balance  a  standard  crustal  section  consisting  of  32  km  of  2.87 
g/cc  crust  overlying  a  mantle  of  3.40  g/cc  density.  The  level  of 
compensation  was  arbitrarily  set  at  45  km,  where  the  pressure  is 
1  36.04.x  10^  g/cm^,  A  pressure  of  10^  g/cm^,  equivalent  to  that 
produced  by  a  layer  1  km  thick  with  unit  density,  corresponds  to  a 
gravity  anomaly  of  about  42  milligals. 

The  Bouguer  anomaly  was  computed  assuming  the  water 
layer  to  have  density  2.67  g/cc,  in  order  to  match  the  assumptions 
used  in  computing  the  observed  anomaly.  Any  comparisons  of  these 
Bouguer  gradients  with  those  from  other  ridges  should  be  made  with 
tnis  in  mind. 

The  computed  model  agrees  reasonably  well  with  the  observed 
gravity.  The  smaller  deviations  are  probably  the  result  of  basement 
topography.  Buried  fractures,  which  should  make  an  angle  of  about 
28'  with  the  profile  according  to  the  inferred  pattern  in  Figure  28, 
might  be  responsible  for  the  larger  deviations,  particularly  that 
occurring  around  500  km.  This  particular  model,  similar  to  that  of 
I'alwani  et  al.  (1965)  for  the  East  Pacific  Rise,  shows  that  the  observed 
gravity  is  consistent  with  the  hypothesis  that  the  Alpha  Cordillera  is 
a  fossil  mid-oceanic  ridge.  One  must  remember  however,  that  this  model 
is  only  one  of  a  number  which  could  be  tailored  to  satisfy  the  small 
number  of  available  constraints.  Any  refinement  will  require  additional 
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refraction, and  reflection  measurement#. 

The  free-air  gravity  anomalies  have  baen  plotted  against  latitude 
in  Figure  24.  For  this  side  of  the  Amerasia  Basin  the  average  field 
is  decidedly  positive,  with  some  tendency  to  increase  toward  the 
north.  This  increase  might  be  due  to  the  Alpha  Cordillera,  which 
marks  the  northern  limit  of  all  these  measurements.  The  cause  of 
the  regional  high  is  unknown,  but  its  existence  is  worth  noting. 

Magnetic  Measurements 

The  magnetic  anomalies  for  each  area  were  contoured  at  100  gamma 
intervals.  The  results  are  combined  into  one  map  in  Figure  28c.  In 
Area  I  (Figure  25),  closely  spaced  high  amplitude  (1000  gammas) 
anomalies  shewing  an  ENE-WSW  trend  are  observed  in  the  southwest 
over  the  Mendeleyev  Ridge.  To  the  north,  the  trend  is  generally 
north-south,  centered  about  a  large  1400  gamma  anomaly  associated 
with  the  Mendeleyev  Fracture  Zone  (Figure  13).  On  the  Mendeleyev 
Plain,  a  large  NW-SE  trending  anomaly  is  possibly  related  to  the 
basement  ridge  in  Figure  14,  which  appears  in  Profile  j-s  at  point  q, 
and  Profile  f-i  at  point  g. 

In  Area  II  (Figure  26),  the  anomaly  pattern  appears  to  show  two 
orientations.  The  most  prominent  orientation  is  normal  to  the  trend 
of  the  Alpha  Cordillera,  and  is  represented  by  linear  anomalies  extending 
SSE  from  Harris  Seamount,  along  the  Larhont  Ridge,  and  over  the 
eastern  scarp  of  Crary  Seamount  to  the  northeast.  The  second  orien¬ 
tation  is  rather  we-ikly  developed  parallel  to  the  cordillera  between  the 
three  sets  of  transverse  anomalies,  and  together  they  suggest  the 
striping  pattern  observed  in  the  fracture-offset  flanks  of  the  present 
mid-oceanic,  ridges. 

Area  III  magnetics  are  shown,  in  Figure  27,  Good  coverage  to  the 
northwest. and  in  the  southern  part  of  this  area  allowo  a  relatively 
detailed  look  at  the  heart  of  the  Central  Magnetic  Zone  of  King  et  al. 
(1966).  In  the  northwestern  part,  data  from  T-3  hao  been  supplemented 
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by  observations  taken  during  the  winter  drift  of  the  BTAE.  Two 
pattern  orientations  are  again  evident,  but  in  this  case  the  anomalies 
paralleling  the  cordillera  are  the  most  prominent.  In  the  northwest 
portion,  a  wavy  pattern  of  NE-SW  trending  anomalies  follow  the 
cordillera,  but  exhibit  sufficient  complexity  to  make  correlation  of 
individual  anomalies  between  pr  ifiles  very  difficult.  This  particular 
problem  was  encountered  by  Vogt  and  Ostenso  (1970). 

In  the  south-central  par  of  Area  III,  along  the  132°  West  meridian, 
a  transverse  band  of  ancma.ios  was  delineated,  possibly  produced  by  a 
buried  fracture  bounding  the  valley  wKch  runs  into  the  cordillera  ju3t 
to  the  east.  A  similar  lineation  appears  to  bound  the  eastern  side  of 
the  valley,  passing  alongside  Ostenso  Seamount. 

A  general  profile  of  the  magnetic  anomalies  across  the  southern 
half  of  the  Alpha  Cordillera  is  shown  in  Figure  12.  The  magnetic 
anomalies  appear  to  show  symmetry  about  an  apparent  axis  at  510 
kilometers,  corresponding  to  the  Bouguer  minimum  in  the  profile.  The 
observed  symmetry  is  limited  however,  to  one  sharp  high-amplitudc 
anomaly  with  a  bump  on  its  Hank  slopes,  because  of  the  absence  of  data 
from  the  northern  flank  of  the  cordillera. 

There  is  evidence,  from  other  magnetic  profiles  which  are  not 
shown  here,  that  there  is  another  negative  anomaly,  bounded  by  cwo 
positive  anomalies,  which  appears  within  the  central  negative  anomaly 
in  Figure  .12.  Those  anomalies  were  removed  from  Figure  12  because 
of  their  extremely  ragged  appearance,  possibly  caused  by  the  contorted 
nature  of  the  track,  and  also  by  the  possibility  (suggested  by  the  gravity 
measurements)  that  the  track  crosses  a  frav.ime  here.  However  these 
central  anomalies  do  appear  in  short  segments  of  profile  (not  shown) 
from  the  eastern  part  of  Area  IIJ.,  and  particularly  in  Ostenso's 
(1962)  aeromagnetic  profile  61-523  which  appears  to  cross  normal  to 
the  cordillera  axis  in  the  vicinity  of  84°N  and  165°E. 

The  magnetic  anomalies  might  help  explain  the  angula.  relationship 
between  the  Mendeleyev  Ridge  and  the  Alpha  Cordillera.  The  anomaly 
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pattern  for  the  Soviet  Arctic  (Figure  3)  shows  lir.eations  trending 
approximately  north-south  along  the  Mendeleyev  Ridge  just  east  of 
l  8^-  The  presence  of  the  Mendeleyev  Fracture  Zone  shows  that  these 
anomalies  could  not  reflect  a  north-south  trending  axis  for  the  Men¬ 
deleyev  Ridge,  for  this  would  imply  that  any  spreading  must  occur 
across  rather  than  parallel  to  the  fracture  zone.  Instead  it  suggests 
that  the  Mendeleyev  Ridge  represents  a  portion  of  the  Alpha  Cordillera 
which  has  been  offset  toward  the  south  along  a  series  of  en  echek.n 
transform  faults,  one  of  which  is  the  Mendeleyev  Fracture  Zone. 

The  large  anomalies  associated  with  these  fractures  (Figure  25 
around  170°  West  for  example)  might  tend  to  overwhelm  the  narrow 
o.fset  sections  of  smaller  anomalies  which  parallel  the  cordillera 
axis,  giving  the  pattern  shown  by  Rassokho  et  al.  (1967)  in  Figure  3. 

The  suggested  configuration  for  the  ridge  is  shown  in  Figure  28. 

The  magnetic  data  generally  supports,  and  certainly  does  not 
conflict  with,  the  application  of  the  seiiloor  spreading  hypothesis 
of  Vine  and  Matthews  (1963)  to  the  Alpha  Cordillera,  In  fact,  the 
presence  of  some  degree  of  symmetry  about  the  apparent  ridge  axis, 
plus  the  parallelism  of  the  anomalies  with  the  axis  (except  in  the 
vicinity  of  fracture.'),  argues  for  thxs  hypothesis. 

Inferred  Fracture  Z<  ne  Pattern 

According  to  the  seafloor  spreading  hypothesis,,  the  ocean  basins 
consist  of  basaltic  material  which  is  introduced  at  the  axis  of  a  mid- 
oceanic  ridge.  With  time,  this  material  moves  away  from  the  axis, 
gradually  cooling  and  subsiding  to  give  the  ridge  its  characteristic  shape. 
Newly  forming  seafloor  takes  on  a  remanent  magnetization  corres¬ 
ponding  to  the  existing  geomagnetic  field:  as  reversals  occur  in  the 
earth's  field,  the  normal  and  reversely  magnetized  bands  paralleling 
the  ridge  will  give  a  striped  appearance,  with  the  "stripes"  showing 
symmetry  about  the  ridge  axis.  If  the  reversal  chronology  is  known, 
then  a  magnetic  profile  normal  to  the  r-idge  should  indicate  the  approx - 
imat-p  7ioo.  of  the  seafloor  at  anv  point,  as  well  as  the  rate  at  which 
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seafloor  is  produced. 

When  the  ridge  axis  is  offset,  the  pattern  becomes  more  comp¬ 
licated.  That  part  of  the  offest  joining  the  displaced  axes  is  called  a 
transform  fault,  and  represents  an  area  of  relative  strike-slip  motion 
of  the  spreading  blocks.  Outward  from  the  transform  the  offset  flanks 
spread  together,  separated  by  a  lineation  or  fracture  zone  which  dis¬ 
locates  the  magnetic  striping  pattern.  Fracture  zones  are  inactive 
traces  of  transform  faults  and  are  often  observed  as  basement  ridges 
normal  to  the  ridge  axis,  Delineation  of  these  fractures  defines  the 
direction  of  spreading. 

The  bathymetric,  seismic,  gravity,  and  magnetic  data  were 
used  in  conjunction  with  the  above  to  prepare  maps  showing  the 
inferred  fracture  zone  pattern  and  location  of  the  ridge  axis  over 
the  Alpha  Cordillera  and  the  Mendeleyev  Ridge  (Figures  28a,  28b,  and 
28c).  The  observations  underlying  the  inferred  existence  of  each 
fracture  are  tabulated  in  Table  I.  Bathymetric  and  gravity  data  from 
the  drift  of  Ice  Station  Arlis  II  (Black  and  Ostense,  1962,  and  Kutschale, 
1966)  have  been  included  in  these  maps.  The  orientation  of  the  fractures 
appears  to  parallel  the  142°  West  meridian,  which,  for  ease  of 
reference,  is  about  the  orientation  of  the  Alaska -Yukon  boundary.  No 
evidence  of  curvature  was  rioted  for  these  fractures,  but  any  existing 
curvature  is  unlikely  to  be  observed  by  so  coarse  a  survey  so  close 
to  the  ridge  axis.  The  1961,  1963,  and  1964  aeromagnetic  profiles 
published  by  Ostenso  and  Wold  (1970)  were  used  in  locating  fracture 
crossings  (usually  identified  by  sharp  anomalies  or  a  break  in  the  pat¬ 
tern)  and  the  ridge  ax's  (evidenced  by  some  anomaly  symmetry  and 
a  maxima  in  the  anomaly  envelope).  The  basement  ridge  observed  by 
Kutschale  (1966)  appears  to  be  a  result  of  a  large  offset,  paralleling 
the  Mendeleyev  Fracture  Zone,  and  indicating  a  high-low  basement 
configuration  consistent  w'.th  the  inferred  ridge  offsets. 


Table  I 

Basis  for  Inferring  Fracture  Zones 
Zone  Bathymetry  Magnetics  Aeromagnetics  Gravity 


1 

(L) 

2 

L 

(L) 

L 

3 

Wrangel  Plain  Buried  Ridge  { 
(L)-SP  L 

Kutschale,  1966) 

L 

4 

(L) 

(L) 

(L) 

5 

Mendeleyev  Fracture  Zone 
L-SP  L 

Prof.  61-609 

L 

6 

SP 

L 

L 

7 

GT 

(L) 

61-609.  523 

8 

(L) 

Prof.  61-609 

(L) 

9 

L 

(L) 

10 

L-GT 

(L) 

11 

Wilkins  and  Harris  Seamounts 

L-GT  L  Prof.  61-609 

L 

12 

L 

(L) 

Prof.  61-609 

(L) 

13 

Lamont  Ridge 
L-250km 

L-lOOkm 

Prof.  61-64)9 

L 

14 

L-Scarps 

L 

L 

15 

Crary  Seamount  - 
L 

Truncated 

L 

on  the  Eastern  Flank 
(L) 

16 

L-GT 

L 

(L) 

17 

L-GT 

L 

L 

18 

L 

L 

L 

19 

L 

(L) 

(L) 

20 

L- Valley 

L 

L 

21 

Ostenso  Seamount 
L-Valley 

(L) 

L 

22 

Beal  Seamount 

L 

Bouguer  Trough 

(L) 

23 

GT 

24 

L-Trough 

L 

L 

(  )=  Weak,  L=Lineation,  GT=Gross  Topography,  SP=Seismic 
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Speculations  concerning  the  Alpha  Cordillera  as  an  Inactive  Center 
of  Seafloor  Spreading 

The  previous  sections  have  presented  bathymetric,  gravity,  seismic, 
and  magnetic  data  which  support  the  contention  of  earlier  investigators 
that  the  Alpha  Cordillera  is  an  inactive  center  of  seafloor  spreading.  This 
section  will  propose  a  model  for  the  development  of  this  cordillera  or 
ridge  which  suggests  that  the  Alpha  Cordillera  represents  the  northern¬ 
most  segment  of  an  oceanic  ridge  which  was  active  at  various  times  in 
the  Paleozoic,  and  in  the  Late  Mesozoic  and  early  Tertiary. 

Proposed  Model 

Figure  29  shows  the  Amera3ia  Basin  as  it  would  appear  .following 
the  closing  of  the  Atlantic  Ocean  and  the  Eurasia  Basin,  about  80 
million  years  ago.  This  reconstruction  generally  follows  that  of  Bullard 
et  al.  (1965)  based  upon  the  computer  matching  of  bathymetric  contours, 
and  also  the  reconstruction  of  Pitman  and  Talwani  (1970)  from  fracture 
zone  orientation  and  magnetic  anomaly  in  the  North  Atl  .ntic.  Slight  changes 
have  been  made  to  assure  the  fit  of  the  sinuous  Lomonosov  Ridge  against 
similar  indentations  along  the  Barents  Shelf.  The  rotation  of  Ellesmere 
Island  and  northern  Greenland  will  be  described  later,  and  the  position 
of  Siberia  relative  to  Alaska  is  certainly  in  error. 

This  reconstruction  shows  that  the  Amerasia  Basin  is  esser.v.  My 
rectangular  in  shape.  On  the  east  the  basin  is  bordered  by  the  Innuitian 
(pron.  like  Aleutian),  system  of  folded  geosynclinal  belts  along  the 
northern  margin  of  the  Canadian  Arctic  Archipelago  and  Greenland.  On 
the  south  lies  the  Yukon  and  northern  Alaska,  the  site  of  the  Brooks 
Range  Orogen.  The  continental  margin  of  Siberia,  which  is  bounded  by 
the  Chukotka  Geosyn : line  on  the  northeast,  lies  to  the  west.  To  the 
north  is  the  Lomonosov  Ridge,  which  Wilson  (1963)  and  later  investigators 
have  considered  to  have  once  been  the  outer  margin  of  the  Barents 
Shelf.  Within  the  Amerasia  Basin,  the  results  of  this  investigation 
suggest  that,  in  the  vicinity  of  the  crest  of  the  Alpha  Cordillera  at  least, 
seailoor  spreading  has  occurred  parallel  to  the  present  142° West 
meridian,  along  the  long  axis  of  the  basin. 
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The  marginal  geosynclines  bordering  the  Amerasia  Basin  indicate 
a  depositional  and  deformational  history  which  is  quite  similar  to  tha 
of  the  Appalachian /Caledonian  Orogen.  In  the  reconstruction  of  Bullard 
et  al.  (1965)  this  or  gen  extends  from  Spitsbergen  to  Florida.  Dewey 
(1969)  and  Bird  and  Oewey  (1970)  have  related  the  events  in  the  southern 
part  of  this  orogen  ce  an  opening  and  closing  of  a  Proto-Atlantic  Ocean 
in  the  Lower  Paleozoic  following  a  suggestion  set  forth  by  Wilson  (1066) 
The  model  proposed  here  suggests  that  the  Alpha  Cordillera  was  an 
integral  part  of  this  earl,  spreading  episode,  as  well  as  a  forerunner  of 
the  opening  of  the  Eurasia  Basin. 

The  continuation  of  the  Appalachians  into  the  Caledonian  belts  of 
Scotland,  Scandinavia,  eastern  Greenland,  and  Spitsbergen  has  been 
reasonably  weil  documented  (Wilson,  1966;  Dewey,  1969).  However  a 
continuation  into  the  Arctic  further  north  presents  some  problems: 

1)  On  the  northern  coast  of  Greenland,  a  Caledonian  belt  in  Peary 
Land  strikes  at  approximately  right  angles  to  the  Caledonian  belt  on 
the  eastern  coast.  Any  continuation  must  account  for  this  angularity. 

2)  Any  Paleozoic  continuation  between  the  Proto-Atlantic  and  the 
Amerasia  Basin  presumably  passed  s.  mewhere  between  the  present 
Barents  Shelf  in  the  vicinity  of  Spitsbe "gen,  and  northern  Greenland 
and  Ellesmere  Island.  However  any  expansion  and  contraction  in  this 
vicinity  would  not  be  normal  to  the  arcuc  e  Innuitian  System  in 
northern  Greenland  and  the  Canadian  Archipelago. 

3)  Late  Mesozoic  separation  of  Greenland  from  Labrador  suggests 
that  a  continuation  of  the  Atlantic  Ridge  with  the  Arctic  at  this  time 
might  have  passed  through  the  Labrador  Sea,  and  thence  into  the 
Amerasia  Basin  where  it  connected  with  the  Alpha  Cordillera.  However 
attempts  at  a  continuation  via  transform  faulting  through  the  Robeson 
Channel  separating  Greenland  from  Ellesmere  meet  with  geological 
evidence  that  does  not  allow  more  than  a  few  kilometers  of  strike -slip 
movement  (Kerr,  1967).  Furthermore,  any  continuation  beneath  Ellesmere 
must  pass  beneath  areas  of  undisturbed  Lower  Paleozoic  sediment 
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(Thorsteinsson,  1961). 

4)  Finally,  the  tectonic  history  of  the  bordering  belts  is  similar 
for  all  periods  of  deposition  and  orogeny  except  the  Early  Jurassic 
through  Early  Cretaceous,  when  northern  Alaska  went  through  an 
extended  period  of  uplift,  with  the  formation  of  a  tectonic  welt 
beneath  the  present  Brooks  Range. 

Many  of  the  above  problems  are  obviated  by  the  continental  recon¬ 
struction  and  history  of  Atlantic-Arctic  spreading,  contraction,  and 
renewed  spreading  proposed  belcw. 

1)  Prior  to  the  early  Tertiary,  the  Caledonian/Appalachian  orogen 
extending  from  Florida  to  Spitsbergen  continued  northwest  and  west 
through  the  Innuitian  System  in  northern  Greenland  and  Ellesmere, 
forming  one  continuous  and  relatively  smooth  arcuate  belt  around 
eastern  and  northern  North  America.  West  of  Prince  Patrick  Island 
another  belt  continued  through  the  Yukon  and  northern  Alaska,  and 
perhaps  across  northeastern  Siberia  by  the  Chukotka  Geosyncline. 

2)  Between  the  Late  Precambrian  and  the  Ordovician,  following  the 
model  of  Bird  and  Dewey  (1970),  a  Proto-Atlantic  Ocean  opened  along 

the  full  length  of  the  Appalachian/Caledonian  orogen.  The  Amerasia  Basin 
may  have  existed  prior  to  this  opening.  This  opening  was  accomplished 
througl.  plate,  accretion  (seafloor  spreading)  along  a  fracture  in  an  older 
North  American/African/European  continent,  and  was  accompanied  by 
subsidence  of  the  separating  continental  margins  and  generally  uninter¬ 
rupted  sedimentation. 

3)  Commencing  with  the  Ordovician  in  the  south,  this  ocean  began  to 
close.  Oceanic  plate  consumption  was  accomplished  through  the  develop¬ 
ment  of  marginal  trenches  and  underthrusting  along  Benioff  Zones.  This 
underthrusting  and  associated  granitization  produced  the  Caledonian  orogeny. 

4)  Closing  continued  until  the  Devonian,  when  a  collision  of  the 
continents,  probably  as  far  north  as  eastern  Ellesmere,  produced  the 
Late  Caledonian  Spasms  (Haller  and  Kulp,  1962)  in  the  Greenland  and 
Innuitian  belts  and  the  Acadian  orogeny  to  the  south. 

5)  Minor  movements  occurred  along  the  belts  in  the  Late  Paleozoic 
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and  Early  Mesozoic,  and  these  may  have  been  the  precursor  of  the 
present  opening  of  the  Atlantic  Ocean.  Some  spreading  may  have 
occurred  in  the  Amerasia  Basin. 

6)  In  the  Jurassic  and  Cretaceous,  the  Brooks  Range  geanticline  war 
produced  as  a  result  of  the  Nevadan  Orogeny  along  the  Western  Cord¬ 
illera.  At  about  the  same  time  the  Atlantic  began  to  open  in  the  far 
south,  and  by  Late  Cretaceous  had  progressed  as  far  north  as  Greenland. 

7)  Between  80  and  60  million  years  BP  Greenland  separated  from 
Labrador,  rotating  approximately  11  degrees  east  about  an  apparent 
pole  in  Ellesmere  Island  (Le  Pichon  et  al.  ,  1970). 

8)  From  some  time  before  60  and  until  40  mybp,  spreading  occurred 
on  the  Alpha  Cordillera  (Vogt  and  Ostenso,  1970),  parallel  to  the  present 
142°  West  meridian.  The  amount  of  spreading  apparently  exceeded  the 
opening  of  the  basin,  producing  compressional  structures  in  the  mar¬ 
ginal  geosynclines  south  of  the  Alpha  Cordillera. 

9)  Between  60  and  40  mybp  Greenland  (less  the  northern  Greenland 
belt)  also  moved  north  about  500  kilometers  about  an  apparent  pole 

of  rotation  in  the  vicinity  of  Hudson  Bay  (Le  Pichon  et  al.  ,  1970).  This 
motion  was  predominantly  strike  slip  along  the  Davis  Strait.  This 
northward  movement  resulted  in  the  deformation  of  the  eastern 
Franklinian  Geosyncline  and  the  northern  Greenland  Caledonian  belt, 
through  a  kinking  of  the  belt  about  two  hinges  or  pivots  in  northeastern 
Greenland  and  the  Sverdrup  Basin.  Bending  of  the  Sverdup  Basin  pro¬ 
duced  folding  transverse  to  the  earlier  Paleozoic  and  early  Tertiary 
folds,  thrusting,  and  diapirism  (Keen  et  al.  ,  1969).  The  latter  part  of 
this  northward  movement  resulted  in  the  accretion  of  the  northern 
Greenland  Caledonian  belt  with  the  central  and  southern  part  of  Green¬ 
land.  The  northward  movement  was  possibly  accomodated  through 
deformation  of  the  Greenland  end  of  the  Lomonosov  Ridge,  which  was 
then  the  outer  margin  of  the  Barents  Shelf. 

10)  About  40  million  years  ago  the  movements  of  Greenland  ceased, 
except  for  slight  rifting  along  the  Robeson  Channel  (Keyr  ,  1967). 
Spreading  ceased  on  the  Alpha  Cordillera  about  this  time  (Vogt  and 


Ostenso,  1970),  and  was  replaced  by  opening  of  the  Greenland  Sea 
and  the  Eurasia  Basin. 

Alter  native  Proposals 

The  events  south  of  Spitsbergen  appear  to  be  reasonably  well 
e:. plained  by  the  formation  and  contraction  of  a  Proto-Atlantic  Ocean 
(Dewey,  1969).  However,  other  proposals  have  been,  or  might  be 
called  upon,  to  explain  the  events  recorded  in  the  belts  around  the 
Arctic.  Three  of  these  are  discussed  below. 

1)  Tailleur  (1969b)  has  speculated  that  the  Canada  3asin  may  have 
formed  through  episodic  Early  Jurassic  to  Early  Cretaceous  rifting, 
similar  to  the  Arctic  Sphenochasm  proposed  by  Carey  (1955),  According 
to  Tailleur' s  (1969b)  speculation,  the  basin  opened  approximately  along 
the  present  145JWest  meridian,  by  rotation  about  an  apparent  pole  in 
east  central  Alaska.  Total  opening  was  estimated  at  about  32  °. 
Arguments  for  this  speculation  lie  in  the  fact  that  geologically,  the 
newly  parallel  Brooks  Range  and  Franklinian  Geosyncline/Sverdrup 
Basin  would  have  developed  alongside  a  tectonic  source  area  that  could 
have  supplied  the  elastics  comprising  the  thick  Devonian  and  Missis- 
sippian  deposits.  Rifting  would  also  allow  the  straightening  of  the  bends 
Tailleur  (1969a)  reports  in  the  western  Brooks  Range  orogen,  account 
for  extensive  lateral  foreshortening  due  to  thrusting,  and  allow  an 
original  connection  of  these  sutured  belts  with  the  Canadian  Cordillera 
to  the  southeast.  Tailleur  (1969a)  supports,  this  last  suggestion  by 
noting  the  close  similarities  between  the  Devonian  and  Mississippian 
carbonates  along  the  front  of  the  Brooks  Range  and  those  found  at  Nation 
River  on  the  Yukon. 

However,  thi*  speculation  has  several  failings.  First  it  suggests 
no  mechanism  of  rifting,  such  as  seafloor  spreading  or  the  relative 
rotation  of  blocks,  which  might  dovetail  with  the  known  history  of  the 
basin.  Moreover  it  does  not  explain  the  absence  of  basinal  deposits 
between  Prince  Patrick  Island  and  the  Mackenzie  Delta,  or  the  lack  of 
deformation  of  the  Sverdrup  Basin  accumulations  analogous  to  that  found 
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in  the  Brooks  Range  in  the  Mesozoic.  And  finally,  there  is  no  evidence 
for  the  remains  of  the  central  tectonic  lands  within  the  basin,  nor  an 
explanation  for  their  disappearance. 

2)  Harland  (1965)  has  postulated  that  the  Caledonian  belts  of  eastern 
and  northern  Greenland  resulted  from  two  stages  of  deformation;  an 
east-west  compression  which  was  gradually  replaced  by  a  north-south 
component  which  produced  the  Innuitian  fold  system. 

Both  this,  and  the  case  where  both  belts  were  produced  simultaneously 
in  their  present  orientation,  seem  unlikely  for  several  reasons.  First,  if 
the  development  of  these  belts  is  a  result  of  spreading  followed  by 
contraction,  as  has  been  suggested  for  the  southerly  belt,  then  it  is 
difficult  to  imagine  a  spreading  geometry  which  would  give  such 
an  orthogonal  deformation  pattern.  The  closest  possible  geometry 
would,  of  course,  be  a  triple  ridge  junction  off  the  northeastern  coast 
of  Greenland.  However  this  seems  unlikely  in  the  absence  of  any  supporting 
evidence  from  Eurasia.  Second,  the  curvature  of  the  fold  belts  in  the 
Franklinian  Geo  syncline  and  the  Sverdrup  Basin  does  not  suggest  that 
the  direction  of  compression  was  uniform  along  the  geosyncline,  as  might 
be  expected  by  a  north-south,  component  presumably  resulting  from 
plate  movements.  Finally,  Kerr's  (1967)  conclusion  that  relative  motion 
between  northern  Greenland  and  Ellesmere  is  extremely  limited,  plus 
the  mounting  evidence  that  Greenland  experienced  a  large  northward 
movement,  suggests  that  any  deformation  prior  to  Greenland's  move¬ 
ment  was  within  a  different  geometrical  framework. 

3)  Beal  (1968)  suggested  a  continuation  of  the  Alpha  Cordillera  through 
the  Canadian  Arctic  Archipelago  to  the  buried  ridge  in  the  Labrador  Sea 
observed  by  Drake  et  al.  (1963).  The  suggested  continuation  was  pre¬ 
sumably  beneath  Ellesmere  Island  by  way  of  Eureka  Fjord  (Nansen 
Sound)  and  Baffin  Bay.  This  will  be  called  proposition  a).  Other 
continuations  might  consist  of  b)  a  more  roundabout  path  through  the 
.archipelago,  such  as  the  passage  of  the  "Mediterranean-Greenlai 
Branch  of  the.  World  Rift  System"  through  the  Parry  Channel  proposed 


by  Demenitskaya  and  Dibner  (1966),  or  c)  an  offset  of  the  ridge  around 
Ellesmere  by  means  of  transform  faults  along  the  Robeson  Channel 
(Wilson,  1963)  and  then  back  along  the  shelf  margin  north  of  Ellesmere. 

In  all  three  cases  the  evidence  for  a  continuation  seems  doubtful. 

The  existence  of  undisturbed  Lower  Paleozoic  sediments  on  eastern 
Ellesmere  and  Devon  Island  makes  a)  quite  unlikely;  the  lack  of  any 
evidence  of  an  extended  tensional  zone  anywhere  in  the  archipelago  does 
the  same  for  b),  and  c)  would  imply  that  a  ridge  crest  lies  in  line  with 
the  Lomonosov  Ridge  for  a  short  distance.  This  is  quite  unlikely.  Finally, 
the  work  of  Le  Pichon  et  al.  (1970),  suggesting  an  opening  of  the  Labrador 
Sea  which  is  best  explained  by  a  rotation  of  Greenland  about  Ellesmere, 
may  rriake  such  a  continuation  less  compelling. 

Geological  Evidence 

This  subsection  describes  the  geological  history  of  Greenland,  the 
Canadian  Arctic  Archipelago,  and  northern  Alaska  and  the  Yukon  for  three 
time  periods  from  Late  Precambrian  to  the  present.  Unless  otherwise 
noted,  summary  accounts  by  Koch  (1961),.  Haller  (1961),  Haller  and  Kulp 
(1962),  Tnorsteinsson  and  Tozer  (1961),  Tailleur  (1969a)  and  Churkin  (1969) 
have  been  used.  In  particular,  a  paper  by  Keen  et  al.  (1969)  examines 
the  continental  margin  of  Eastern  Canada,  considering  the  opening  of  the 
Labrador  Sea,  and  offering  the  first  suggestion  that  Ellesmere  exper¬ 
ienced  a  rotation  along  with  Greenland  which  produced  the  bend  in  the 
Innuitian  System.  Keen  et  al.  (1969)  also  present  a  bibliography  of  recent 
geological  and  geophysical  investigations. 

For  locating  some  of  the  more  obscure  areas  or  locations  the  readei 
is  referred  to  the  World  Map  of  the  National  Geographic  Society  (1966), 
or  other  comparable  polar  maps, 

Precambrian  to  C arboni ferous 

Dewey  and  Bird  (1970)  have  related  the  development  of  mountain 
belts  to  plate  tectonics.  In  some  earlier  papers,  they  developed  models, 
based  upon  these  relationships,  for  the  evolution  of  the  Appalachian/ 
Caledonian  Orogen.  The  part  of  the  orogen  in  the  British  Caledonides 
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was  covered  by  Dewey  (1969)  and  that  part  in  Newfoundland  and  New 
England  by  Bird  and  Dewey  (1970).  They  showed  the  development  of  tho 
orogen  as  a  result  of  an  opening  and  closing  of  a  Proto-Atlantic  Ocean 
similar  to  that  suggested  by  Wilson  (1966).  In  their  model,  the  ocean 
opened  in  Late  Precambrian  time,  and  spread  to  its  maximum  breadth 
around  Late  Cambrian  time.  Subsidence  along  the  continental  margins 
\  -'••/ioed  areas  of  accumulation  for  detrj.tal  sandstones  and  shales, 
ved  by  shales,  limestones,  and  dolomites.  In  the  south,  Bird 
and  Dewey  (1970)  show  the  closing  accomodated  by  the  development 
of  a  slab  of  downgping  oceanic  crust  or  Benioff  Zone  along  the  western 
margin.  In  Late  Ordovician  time  this  resulted  in  the  formation  of  a 
volcanic  arc  along  the  western  margin  which  produced  Taconian  folded 
mountains,  westward  overthrusting,  igneous  intrusions  and  metamorphism. 
The  Acadian  Orogeny  marked  the  final  closing  through  continental 
collision  in  the  Late  Devonian. 

In  the  British  Caledonides  the  postulated  events  were  more  complex, 
with  the  development  of  three  Benioff  Zones,  two  on  the  east  and  one  on 
the  west  by  Upper  Ordovician  (Dewey,  1969).  Further  north  Dewey 
(1969)  shows  the  development  of  the  East  Greenland-Norway  belt  through 
one  simple  Benioff  Zone  to  the  west.  The  present  eastern  Greenland 
belt  was  thought  to  represent  the  far  western  part  of  Zone  A,  an  area 
of  high  temperature /pres sure  metamorphism. 

This  paper  suggests  that  the  development  of  the  Innuitian  System 
and  perhaps  northern  Alaska  follows  a  similar  evolutionary  model,  with 
the  exception  that  in  the  western  part  of  the  Innuitian  belt  and  northern 
Alaska  there  probably  was  no  continental  collision. 

Summing  up  the  Paleozoic  orogenic  episodes  in  eastern  Greenland 
Haller  and  Kulp  (1962)  note  a  main  Caledonian  orogeny  which  rapidly 
produced  the  principal  fold  belt  at  the  end  of  the  Silurian  and  was 
responsible  for  the  vast  regional  metamorphism.  This  may  mark  the 
closing  of  the  ocean.  This  was  followed  by  the  "Late  Caledonian  Spasms’! 
an  orogenic  decline  which,  with  the  minor  succeeding  episodes,  lasted 
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for  almost  100  million  years.  Dewey  (1969)  suggests  that  the  long 
thermal  history  associated  with  this  orogenic  cycle  is  "related  to  the 
rise  of  magmas  and  volatiles  from  an  underlying  Benioff  Zone  pro¬ 
gressively  later  on  the  continental  side1.'  These  Late  Caledonian  Spasms 
were  only  found  south  of  76°N.  The  opening  of  the  Prcto-Atlantic  along 
eastern  Greenland  may  be  recorded  in  the  block-faulting  of  the  older  Precambrian 
Carolinidian  structural  system  and  subsequent,  post-orogenic  generation 
of  basalt  in  the  form  of  extensive  dikes. (Haller,  1961). 

The  northern  Greenland  geosyncline  was  the  site  of  sedimentation 
from  Precambrian  through  Silurian  time.  Movements  during  this  time 
were  slight,  and  paraconformities  are  apparent  between  formations. 

The  Upper  Silurian  graptolite  shales  become  very  sandy,  and  are  over- 
lain  by  several  hundred  meters  of  sandstone  of  increasing  coarseness. 

Koch  (1961)  interpreted  this  as  a  flysch  facies  associated  with  the  initial 
xolding.  Folding  is  observed  along  a  zone  530  km  long,  with  fold  intensity 
increasing  toward  the  east.  In  the  east,  thrusting  and  metamorphism 
is  observed,  and  the  metamorphic  rank  increases  toward  the  north. 

In  eastern  Ellesmere,  between  78°  and  78‘T5'N  the  original  rifting  of 
the  Proto-Atlantic  may  also  be  recorded  in  a  sequence  of  620  meters 
of  Late  Precambrian  sandstones  and  shale,  tuff  and  volcanics  which 
are  intruded  by  diabase  dikes,  and  overlain  by  another  1240  meters  of 
light  sandstones,  red  shales,  and  thick  lava  beds  (Christie,  1962). 

Just  to  the  west  of  the  North  Greenland  belt,  in  the  shape  of  a 
reverse  "L"  is  the  Franklinian  Geosyncline.  This  was  formed  by  great 
subsidence  between  Cambrian  (or  earlier)  and  the  Upper  Devonian. 

Sediment  thicknesses  within  the  geosyncline  increase  toward  the  east, 
with  up  to  60,000  feet  deposited  on  northwestern  Ellesmere  Island.  A 
miogeosynclinal  belt  is  found  on  the  south  and  east  next  to  the  interior 
Arctic  Lowlands,  and  has  been  traced  over  a  distance  of  more  than  1600 
kilorneters.  A  eugeosynclinal  belt  lies  seaward  of  the  miogeosyncline, 
and  is  seen  in  exposures  on  northern  Ellesmere  and  Axel  Heiberg 
Islands.  The  boundary;  shown  in  Figure  29  marks  the  transition  from 
sjome  elastics  which  show  some  Ordovician  and  Silurian  fossils  to  the 
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miogeosynclinal  limestones  and  shales.  Paleozoic  volcanics  are  iden¬ 
tified  further  to  the  northwest  on  northern  Axel  Heiberg  and  on  the 
northern  coast  of  Ellesmere  Island. 

The  Franklinian  Geosyncline  was  the  site  of  diastrophism  several 
times  in  the  Paleozoic.  Deformation  of  limited  extent  occurred  near 
the  Siluro-Devonian  boundary,  resulting  in  northerly  trending  structures 
which  form  the  Cornwallis  fold  belt  on  Cornwallis  and  Bathurst  Islands. 
Shallow  folds  are  observed,  along  with  some  normal  faults  but  no 
thrusting.  The  Boothia  Arch  was  formed  south  of  this  belt  at  about  the 
same  time,  and  both  structures  are  related  to  movements  within  the 
basement  by  Thorsteinsson  and  Tozer  (1961). 

A  second  period  of  deformation  resulted  in  the  east-west  trending 
structures  which  form  the  Parry  Islands  fold  belt  on  the  southern  side 
of  the  miogeosyncline,  and  the  fold  belts  paralleling  the  arcuate  mio- 
gcosyncline  on  northern  Devon  Island  and  eastern  Ellesmere.  The  mio¬ 
geosynclinal  deformation  is  dated  stratigraphically  as  being  between 
Upper  Devonian  and  Middle  Pennsylvanian,  The  Parry  Islands  belt 
shows  increasing  fold  intensity  toward  the  north,  and  the  shape  of  the 
folds  suggests  forces  acting  from  north  to  south.  The  Ellesmere  folds 
are  not  continuous  with  the  Parry  Islands  belt  because  of  the  Cornwallis 
belt,  but  are  considered  to  be  contemporaneous. 

Intense  deformation  is  observed  in  the  eugeosyncline  to  the  north. 

No  date  is  available  for  this  deformation  but  the  event  can  be  bracketed. 
Basic  lavas  are  observed  to  overlie  rocks  containing  Middle  Silurian 
graptolites,  which  are  themselves  overlain  by  Middle  Pennsylvanian 
limestones,  indicating  that  the  deformation  was  post-Middle  Silurian 
and  pre-Middle  Pennsylvanian.  The  uplift,  and  deformation  of  the  eugeo¬ 
syncline  may  have  been  pre-Middle  Devonian,  as  a  thick  sequence 
of  Middle  to  Upper  Devonian  elastic^,  extending  from  southern  Ellesmere 
to  Banks  Island,  indicate  a  provenence  to  the  north  of  the  miogeosyncline. 
Within  the  eugeosyncline  the  degree  of  metamorphism  increases  to  the 


73 

In  northern  Alaska  the  interpretable  record  begins  in  the  Silurian 
or  Devonian,  and  indicates  a  tectonic  evolution  similar  to  the  Canadian 
Arctic  Archipelago.  Dated  granitic  plutons  (Baadsgaard  et  al.  ,  1961) 
and  the  discovery  of  argillite  beneath  Mississippian  sediments  in  wells 
along  the  northern  coast  suggest  evidence  of  a  northerly  ancestral 
Brooks  Range  orogen  which  was  uplifted,  deformed,  and  intruded  by 
granitic  plutons.  This  orogen  may  have  provided  a  northerly  source  of 
sediment  to  build  a  thick  clastic  wedge  or  delta  toward  the  south  in  Late 
Devonian  time.  Similar  wedges  have  been  described  in  the  Innuitian 
System  above,  and  are  reported  in  Chukotka  and  Wrangel  Island  on  the 
west  (Churkin,  1969).  The  constituents  of  this  ancestral  geosyncline 
may  be  represented  in  the  Richardson  mountains  in  the  northern  Yukon 
to  the  east.  From  the  Cambrian  through  the  Devonian  the  Richardson 
Trough  was  the  site  of  deposition  of  limestone,  shale,  argillaceous 
limestone,  chert,  arid  other  shelf  deposits  (Gabrielse,  1967). 

The  geologic  data  for  the  Lower  Paleozoic  in  the  Innuitian  and 
northern  Alaskan  geosynclines  suggest,  within  the  framework  of  plate 
tectonics,  that  these  areas  mark  margins  with  oceanic  plate  underthrusting. 
The  granitic  intrusions  of  northern  Alaska  and  the  formation  of  arches 
and  uplifts  in  the  Canadian  Arctic  Archipelago  is  suggestive  of  the 
magmatic  rise  associated  with  the  development  of  a  Benioff  Zone.  In 
northern  Ellesmere  and  Greenland's  Peary  Land  the  suggested  Upper 
Silurian  age  of  deformation  and  metamorphism  may  mark  an  early  closing 
of  the  Proto-Atlantic  relative  to  Acadia.  Further  delineation  of  events 
in  this  area  must  await  a  much  better  knowledge  of  the  geology,  plus 
a  reconnaissance  of  the  matching  margin  across  the  proto-ocean.  Pre¬ 
sumably  this  margin  is  now  part  of  the  Barents  Shelf. 

The  geometry  of  the  lithospheric  plates  suggests  that  an  ocean 
remained  along  the  coast  of  northern  Alaska  and  perhaps  by  the  western 
Franklinian  Geosyncline.  This  old  ocean  may  have  been  separated  from 
the  continent  by  an  uplifted  belt  which  shed  elastics  to  the  south  to  form 
the  ubiquitous  Middle  to  Upper  Devonian  clastic  wedges.  The  seafloor 
I'omaininfr  tii^thin  this  basin  would  have  to  be  Csiribrian  or  older. 
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The  lack  of  deformation  along  the  archipelago  between  Prince  Patrick 
Island  and  the  western  Yukon  may  be  a  result  of  strike -slip  motion  of 
the  seafloor  along  this  line,  with  separate  Benioff  Zones  below  the 
eastern  Canadian  Archipelago  and  northern  Alaska. 

Carboniferous  to  Upper  Mesozoic 

With  the  exception  of  northern  Alaska,  this  period  was  one  of 
sedimentation  and  minor  tectonic  movements.  Eastern  Greenland  lay 
alongside  Norway,  experiencing  the  final  movements  associated  with 
the  lengthy  Caledonian  orogeny,  a  period  of  faulting  lasting  through 
the  Carboniferous  to  .  Middle  Permian.  Some  of  these  movements  may 
have  been  related  to  deformation  within  the  Ural  Mountains  geosyncline, 
the  completion  of  the  ‘/ariscan  chains  across  western  Europe,  or  the 
final  uplift  and  deformation  of  the  Appalachian  Geosyncline.  Following 
a  Middle  Permian  marine  transgression  eastern  Greenland  witnessed 
numerous  transgressions  during  the  Mesozoic  which  deposited  coastal 
sediments  indicative  of  tectonic  quiescence. 

Within  the  Franklinian  Geosyncline,  the  Sverdrup  Basin  was  devel¬ 
oped  through  essentially  uninterrupted  sedimentation  from  Middle 
Pennsylvanian  to  the  Tertiary.  During  this  time  more  than  40,000  feet 
of  both  marine  and  non-marine  sediment  was  deposited.  Along  the  margins 
of  the  basin  there  is  some  evidence  of  a  hiatus.  An  angular  unconformity 
occurs  between  Middle  Pennsylvanian  and  Permian  formations,  with 
evidence  of  folding  and  faulting  of  the  underlying  rocks  in  northwestern 
Melville  and  southern  Ellesmere  Island,  This  uplift  was  apparently 
enough  to  seal  off  the  basin,  for  evaporites  were  formed  in  the  Penn¬ 
sylvanian  and/or  Permian.  Gypsum  and  anhydrite  are  observed,  but  no 
halite.  Masses  of  gabbro  and  volcanics  are  commonly  observed  in 
the  Tertiary  diapiric  structures  produced  from  these  deposits,  and  are 
apparently  Tertiary  in  age  themselves. 

In  northern  Alaska,  this  period  was  one  of  subsidence  and  deposition 
along  the  present  site  of  the  Brooks  Range  which  lasted  until  the  Jurassic. 
In  the  Early  Jurassic  a  tectonic  welt  began  to  form  in  this  basin,  devel- 


oping  by  early  Early  Cretaceous  into  a  volcanic  province  which  shed 
debris  into  a  flanking  basin  on  the  north.  Large  scale  foreshortening, 
uplift  of  the  Brooks  Range  Geanticline,  and  depression  of  the  flank¬ 
ing  foredeeps  occurred  in  late  Early  Cretaceous.  By  Late  Cretaceous 
these  foredeeps  had  been  filled,  and  in  latest  Cretaceous  and  early 
Tertiary  were  deformed  along  with  the  anticline,  to  form  trie  present 
Brooks  Range  and  adjacent  foothills  (Tailleur,  1969a). 

During  this  period,  the  .Permo-Carboniferous  angular  unconformity 
found  along  the  margin  of  the  Sverdrup  Basin  may  indicate  a  period  of 
spreading  within  the  basin,  or  perhaps  just  the  final  episodes  of  the 
Caledonian  Orogeny.  The  evidence  is  hardly  conclusive.  In  Alaska 
however,  the  Jurassic  and  Cretaceous  development  of  the  Brooks 
Range  geanticline  coincides  with  the  development  of  other  geanticlines 
to  the  south (Eardley,  1962),  and  with  a.  period  of  great  tectonic  activity 
(The  Nevadan  Orogeny)  along  the  Western  Cordillera.  Gabrielse  (1967) 
notes  two  periods  of  regional  metamorphism  and  as  many  as  six  epi¬ 
sodes  of  granitic  intrusion  accompanied  by  regional  uplift  in  the  south 
central  Yukon. 

These  events  would  appear  to  be  related  to  underthrusting  of  the 
Pacific  oceanic  crust  and  development  of  a  Benioff  Zone  beneath  southern 
Alaska,  Mafic  and  ultramafic  intrusions  emplaced  in  one  arec  of  the 
Brooks  Range  in  the  Late  Jurassic  (Eardley,  1962)  may  be  the  result 
of  mobilization  of  the  inactive  south-dipping  underthrust  Arctic  oceanic 
plate  by  the.  active  north-dipping  underthrust  Pacific  oceanic  plate.  J.n 
any  case  the  absence  of  Jurassic-Cretaceous  tectonic  activity  in  the 
Sverdrup  Basin  makes  underthrusting  of  northern  Alaska  unlikely  at 
that  time. 

Upper  Mesozoic  to  Present 

The  exact  sequence  and  time  of  tectonic  events  during  this  period 
is  not  known,  however  a  general  pattern  of  early  Tertiary  deformation 
is  observed.  In  eastern  Greenland  the  formation  of  extensive  plateau 
basalts  and  local  acid  plutons  may  herald  the  opening  of  the  present 
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Atlantic  Ocean.  In  the  south  some  of  these  basalts  occur  over  a  sed¬ 
imentary  series  extending  to  lowest  Eocene  (Wenk,  1961).  In  southwest 
Greenland,  the  rifting  from  Labrador  may  be  recorded  in  a  swarm  of 
olivine- dole ritic  dikes,  dipping  at  45°  to  the  southwest  or  west-southwest, 
which  are  confined  to  the  seacoast  region.  Berthelson  (1961)  tentatively 
attributes  a  Tertiary  age  to  these.  On  the  western  side  of  Baffin  Bay 
another  area  of  probable  Tertiary  volcanics  is  seen  on  Baffin  Island. 

In  northern  Greenland,  sediments  of  Cretaceous  to  Tertiary  age 
are  found  in  eastern  Peary  Land.  These  have  been  faulted  and  mildly 
folded  along  a  general  southeast  trend  sometime  in  the  Tertiary,  and 
may  be  related  to  the  postulated  collision  of  northeast  Greenland  with 
the  Lomonosov  Ridge  on  the  Barents  Shelf,  or  perhaps  the  Alpha  Cordillera. 
West  of  Peary  Land  no  post-Caledonian  sediments  are  known,  Between 
Hall  Land  and  J.  P.  Koch  Fjord,  a  striking  thrust-fold  system  is  reported 
(Haller  and  Kulp,  1962),  welting  the  North  Greenland  fold  belt.  Structural 
relations  indicate  a  post-Paleozoic  origin,  resulting  from  forces 
directed  toward  the  south. 

Sedimentation  in  the  Sverdrup  Basin  continued  into  the  Tertiary. 

In  the  Tertiary  (probably  early  Tertiary)  folding  and  thrust  faulting 
occurred  throughout  much  of  the  Queen  Elizabeth  Islands.  Ellesmere 
and  Axel  Heiberg  show  the  effects  of  more  intensive  movements.  Many 
of  the  folds  are  superimposed  upon  the  older  Paleozoic  belts,  but  not 
all.  Folds  and  thrusts  in  central  and  southern  Ellesmere  generally 
follow  the  older  Caledonian  structures.  To  the  west,  similar  super¬ 
positions  appear,  but  folding  is  of  lower  amplitude.  Numerous  folds 
with  diapiric  cores  are  developed  in  Amund  and  Ellef  Ringnes  and 
western  Axel  Heiberg  Islands  along  the  trend  of  the  Boothia  Arch. 

Numerous  large  diapiric  intrusions  of  Permo-Carboniferous  evaporites 
are  also  observed  in  this  area,  as  well  as  on  eastern  Axel  Heiberg 
Island.  The  age  of  the  Tertiary  deformation  is  not  precisely  known, 
however  a  post-Faleocene-Eocene  age  is  suggested  by  the  deformation 
of  the  Eureka  Sound  formation  which  is  partly,  or  perhaps  wholly  of 
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this  age.  The  deformation  zone,  transverse  to  the  Sverdrup  Basin  along 
the  trend  of  the  Boothia  Arch,  may  possibly  be  a  result  of  the  postulated 
rotation  and  bending  of  Ellesmere  between  60  and  40  million  years  ago. 

In  northern  Alaska  the  main  phase  of  the  Brooks  Range  orogeny 
occurred  in  the  late  Early  Cretaceous  with  metamorphism  and  estab¬ 
lishment  of  an  east-west  structural  pattern.  Uplift  throughout  the  Late 
Cretaceous  filled  the  flanking  basins  (the  Colville  and  Kobuk),  and  in 
latest  Cretaceous  and  early  Tertiary  these  were  deformed  with  thrusting 
possibly  as  late  as  the  Late  Paleocene  (Eardley,  1962). 

On  the  eastern  slope  of  the  Richardson  Mountains  in  the  northern 
Yukon,  Jeletzky  (1961)  reports  major  north-south  dislocations  of  post- 
mid-Upper  Cretaceous  (?  Tertiary)  age.  These  structures  appear  to 
be  related  to  movements  of  basement  blocks,  possibly  along  reactivated 
Precambrian  faults. 

Vogt  and  Ostenso  (1970)  compared  aeromagnetic  profiles  from  the 
Alpha  Cordillera  with  profiles  from  the  North  Atlantic.  They  found  a 
best,  match  with  those  anomalies  presently  found  between  300  and  500 
kilometers  from  the  crest  of  the  Reykjanes  Ridge.  From  this  they 
tentatively  concluded  that  the  Alpha  Cordillera  was  actively  spreading 
from  at  least  60  my  to  40  mybp,  at  which  time  spreading  probably 
began  in  the  Eurasia  Basin.  This  spreading  episode  appears  to  be 
consistent  with  the  early  Tertiary  deformation  in  the  Canadian  Arch¬ 
ipelago,  the  Yukon  and  Alaska.  At  present  it  is  impossible  to  determine 
when  this  last  episode  of  spreading  began,  but  it  appears  possible  that 
the  post-mid-Upper  Cretaceous  movements  along  the  eastern  slope  of 
the  Ri_u  ..  Json  Mountains  (Jeletzky,  1961),  or  post-Lower  Cretaceouw 
extrusion  of  evaporite  structures  along  the  northern  slope  of  this  range 
(Kent  and  Russell,  1961)  may  be  related  to  an  initial  compressive  pulse 
caused  by  underthrusting. 

Milne  (1965;  may  have  provided  evidence  of  underthrusting  with  an 
unreyersed  refraction  profile  across  the  continental  shelf  NNE!  of  Point 
Barrow,  Alaska.  He  shows  a  2.5  km  thick  (sedimentary)  layer  of  2.40 
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km/ sec  compressional  wave  velocity  overlying  8.68  km  of  4.40 
km/sec  "basement",  which  is  underlain  by  a  7.47  km/sec  mantle. 

There  was  no  evidence  of  the  usual  6.50  km/sec  oceanic  layer.  It  was 
considered  possible  that  the  low  velocity  mantle  was  a  result  of  a 
dip  to  the  SSW.  However,  in  a  reversed  refraction  profile,  Hunkins 
(1966)  reported  a  7.4  km/sec  layer  dipping  south  from  a  depth  of  20 
kilometers  near  the  shelf  edge  to  32  kilometers  near  Barrow,  suggesting 
that  anomalous  mantle  is  dipping  beneath  the  continental  margin. 

During  the  suggested  northward  movement  of  Greenland  between 
60  and  40  million  years  ago  (Le  Pichon  et  al.  ,  1970),  it  is  proposed 
that  the  Innuitian-eastern  Greenland  belt  was  bent  from  a  relatively 
linear  feature  into-a  reverse  "Z",  -Within  the  Sverdrup  Basin  the 
bending  may  be  recorded  in  the  extensive  folding,  thrusting,  and 
diapirism  along  the  inferred  axis  of  compression  (Keen  et  al.  ,  1969). 
Tensional  features  observed  by  Kerr  (1967)  at  the  southern  end  of  the 
Nares  Submarine  Rift  Valley  may  also  be  related  to  this  proposed 
bending.  In  northwestern  Greenland  there  is  no  suggestion  -f  rotation 
other  than  strike-slip  movements  along  reactivated  Caledonian  faults. 
The  inferred  hinge  or  pivot  may  lie  beneath  the  sea  somewhere  north 
of  Kronprins  .Christian  Land,  or  preferably  near  the  ice- covered  area 
at  the  end  of  Hagens  Fjord  (Mylius  Ericksens  Land),  while  the  areas 
of  compressional  deformation  should  be  concealed  by  the  permanent 
ice  cover. 

North  of  Greenland,  deformation  of  the  Lomonosov  Ridge  by  the 
northward  movement  of.Greenland  rnay  have  produced  the  Marvin  Spur. 
The  faulted  depressions  observed  on  the  Alpha  Cordillera  and  noted  in 
an  earlier  section-may  also  be  a  result  of  this  motion. 

Age  of /the  Canada. Basin 

The  proposed  history  of  the  basin  would  indicate  that  the  Amerasia 
Basin  is  very  old,  and. that  it  might  also  contain  very  old  seafloor. 
Speculations  on  how  old,  of  course,  will  depend  upon  the  interpretation 
of  event's  around  the  basin.  The  inferred  direction  of  spreading  and 
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location  of  the  ridge  axis  (1-  igure  29)  suggest  that,  in  the  absence  of  a 
hai.gt*  in  spreading  direction,  the  oldest  oceanic  crust  should  be  located 
near  the  Mackenzie  Delta  in  the  Yukon.  This  length  of  oceanic  crust  is 
about  1700  kilometers.  A  visual  inspection  of  the  correlated  Alpha  Cor- 
d>  llera/Reykjanes  Ridge  magnetic  profiles  (Ostenso  and  Wold,  1970) 
shows  that  the  anomaly  wavelengths,  and  therefore  spreading  rates,  are 
similar.  Although  this  spreading  rate  is  appreciably  less  than  2  cm/year, 
let  us  assume  this  value  tc  be  on  the  safe  side.  At  2  cm/year  it  would 
take  about  85  million  years  to  produce  17C0  kilometers  of  seafloor.  The 
geological  evidence  suggests  that  the  most  recent  episode  was  perhaps 
half  that,  leaving  about  850  kilometers  to  be  produced  in  an  earlier  episode. 

When  was  that  episode?  The  geologic  record  indicates  that  spreading 
might  possibly  have  occurred  in  the  Permo-Carboniferous,  and  quite 
possibly  in  the  Cambrian,  with  the  evidence  of  the  Cambrian  episode 
outweighing  the  later  event. 

The  magnetic  data  from  the  basin  would  tend  to  support  a  conclusion 
that  the  basin  is  quite  old.  Gstenso  and  Wold  (1970)  show,  in  a  figure 
presenting  the  overall  physiography  of  the  magnetic  field,  based  upon 
their  extensive  aeromagnetic  data,  that  the  magnetic  field  becomes  very 
subdued  for  a  distance  of  up  to  800  kilometers  out  from  the  Alaskan 
continental  margin.  This  subdued  zone  generally  parallels  the  ridge 
axis  shown  in  Figures  28  and  29.  and  was  observed  from  T-3  during  its 
1964--6b  drift  over  the  Canada  Plain.  In  this  zone  anomalies  are  less  than 
100  gammas.  It  is  quite  possible  that  this  quiet  zone  represents  an 
elevation  of  the  Curie  point  isotherm  resulting  from  the  thick  sediment  cover, 
but  this  is  considered  unlikely  in  view  of  the  large  anomalies  observed 
on  the  thickly  blanketed  Mendeleyev  and  Wrangel  Plains.  Instead  the 
subdued  field  may  reflect  long  periods  of  constant  polarity  such  as  the 
Late  Triassic-Jurassic  normal  interval  (DeBoer,  1968),  the  fifty 
million  year  long  reversed  Kaiman  interval  in  the  Upper  Pennsylvanian 
and  Permian  (Irving  and  Parry,  1963),  or  an  even  older  period  when  the 
area  was  situated  much  closer  to  the  magnetic  equator. 

The  sedimentary  cover  ir.  the  Canada  Basin  could  be  consistent 
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with  such  a  great  age  when  it  is  considered  that,  the  marginal  geo¬ 
synclines  and  troughs  surrounding  this  basin  could  have  intercepted 
much  of  the  sediment  which  otherwise  would  have  entered  the  deep 
basin.  This  is  presently  happening  in  the  Pacific. 

A  Final  Note 

It  should  be  pointed  out  that  the  bordering  geosynclines  and  marginal 
basins  hold  great  promise  as  habitats  of  petroleum.  The  large  sediment¬ 
ary  accumulations  offer  a  potential  source  rock,  while  the  observed 
thrusting,  folding,  diapirism,  marine  transgressions,  and  the  possibility 
of  landward  continuation  of  oceanic  fractures  as  wrench  faults,  present 
the  possibility  of  structural  and  stratigraphic  traps. 

One  final  speculation  is  in  order.  According  to  the  proposed 
development  of  the  Amerasia  Basin,  the  Eurasian  continental 
margin  was  also  a  zone  of  ocean  floor  consumption,  a  suggestion 
reinforced  by  the  asymmetrical  position  of  the  Alpha  Cordillera. 

Possibly  the  Lomonosov  Ridge  is  a  northern  analog  to  the  Barrow 
Arch,  and  similarly  a  geosynclinal  basin  may  lie  beneath  the  Barents 
Shelf.  Just  such  a  configuration  has  been  shown  in  a  hyf  othetical  model 
for  the  Barents  Shelf  transition  zone  by  Demenitskaya  et  a!.  (1968). 
Seismic  investigations  across  this  shelf  should  confirm  or  deny  this 
speculation. 
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INTERPRETATION 
PART  II:  SEDIMENTARY  FEATURES 

Hyperbolic  Echoes  observed  on  the  Precision  Depth  Recorder 

The  echo  sounding  records  show  the  crestal  regions  of  the  Alpha 
Cordillera  as  a  series  of  large  overlapping  hyperbolae  (Figure  30). 
These  hyperbolae  are  the  result  of  a  highly  irregular  seafloor.  They 
are  produced  by  strong  specular  echoes  from  the  crests  and  troughs 
of  the  irregularities  as  the  sounder  moves  overhead.  The  difference 
in  depth  between  the  higher  crestal  hyperbolae  and  the  lower,  often 
obscured  ones  from  the  troughs  gives  the  approximate  amplitude  of 
the  irregularities.  This  will  be  the  amplitude  referred  to  in  relation 
to  these  hyperbolae,  or  hyperbolization  as  they  will  be  collectively, 
called. 

The  areal  distribution  of  the  hyperbolization,  according  to 
amplitude  range,  is  shown  in  Figure  31.  Within  this  area,  the 
hyperbolization  appears  to  be  bounded  on  the  north  by  the  2200  meter 
contour,  and  by  the  2500  meter  contour  on  the  south.  Between  these 
boundaries  it  is  observed  everywhere  on  those  parts  of  the  crestal 
plateau  traversed,  with  but  two  exceptions;  the  small  spur  running 
SSW  from  Ostenso  Seamount,  and  on  the  S3W-NNE  trending  ridge 
on  the  northern  margin  around  85^,  145  'W.  On  the  southern  side 
of  the  cordillera  hyperbolization  is  observed  at  depths  in  excess  of 
2700  meters.  In  the  submarine  sounding  records  obtained  from  nine 
crossings  of  the  Alpha  Cordillera,  Beal  (1968)  noted  similar  hyperbolae 
occurring  aa  minor  relief  superimposed  upon  extensive,  rather  level 
areas  near  the  crest. 

The  hyperbolization  appears  to  be  best  developed  in  areas  with 
gentle  slopes  on  the  southern  sides  of  local  topographic  highs,  and 
on  the  southern  edge  of  the  crestal  plateau.  The  largest  hyperbola 
observed  (Figure  30,  at  16  kilometers)  has  an  amplitude  of  55  meters, 
and  a  width  of  about  one  kilometer,  giving  quite  steep  slopes  of  more 
than  six  degrees. 
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Data  bearing  on  the  Origin  of  the  Hyperbolization 
Seismic  Reflection  Measurement s 

The  seismic  reflection  measurements  (Figures  17,  18,  and  30) 
show  the  hyperbolization  to  be  confined  to  a  layer  about  100  meters 
thick.  This  layer  is  underlain  by  numerous  relatively  uat  horizons 
extending  down,  in  some  cases,  to  more  than  a  kilometer.  From 
this  observation,  and  the  observation  by  Hunkins  (1961)  that  the 
Alpha  Cordillera  is  overlain  by  an  average  of  380  meters  of  low 
velocity  (2.0  km/sec)  material,  it  can  be  concluded  that  the  hyper¬ 
bolization  is  sedimentary  in  origin. 

Is  the  hyperbolization  a  result  of  depositional  or  erosional 
processes?  The  reflection  data  suggest  that  it  is  predominantly 
depositional.  Profile  B-C-D-E  in  Figure  17,  which  has  hyperbolization 
everywhere  above  2200  meters,  shows  that  deep  horizons  tend  to 
come  closer  to  the  surface,  and  perhaps  even  outcrop,  on  the 
northern  edge  of  the  crestal  highs,  while  the  southern  sides  are 
covered  with  thick  accumulations  of  confused  hyperbolized  deposits. 
A'ong  the  southern  margin  of  the  crestal  plateau,  these  measure¬ 
ments  indicate  (Profile  K-P,  Figure  17)  that  a  considerable  shelf¬ 
like  accumulation  has  occurred.  These  profiles  suggest  that 
sediment  has  been  moved  across  the  cordillera  from  north  to  south, 
with  topographic  highs  experiencing  little  or  negative  deposition, 
and  depressions  and  the  southern  edge  of  the  crestal  plateau 
acting  as  areas  of  accumulation. 

The  hyperbolization  might  be  the  result  of  linear  sediment  "ridges” 
such  as  those  presently  found  in  other  oceans  (Ewing  and  Ewing,  1964, 
and  Johnson  and  Schneider,  1969).  The  largest  hyperbolae  were 
observed  when  the  ice  island  crossed  the  southern  flank  of  the 


cordillera,  looped  around  a  small  part  of  the  crestal  plateau,  and  then 
passed  out  over  the  flank  again  (Figure  30).  During  this  loop,  two 
prominent  hyperbolae,  40  meters  and  55  meters  in  amplitude,  were 
twice  observed,  suggesting  that  they  result  from  linear  features.  If 
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the  points  of  crossing  are  connected,  the  crests  of  the  "ridges"  are 
found  to  strike  slightly  east  of  north,  with  the  highest  ridge  nearest 
to  the  edge  of  the  plateau.  This  strike  agrees  with  the  trend  of  the 
long  axis  of  the  elongate  region  of  high  amplitude  hyperbolae  shown 
in  Figure  31 . 

A  second  indication  of  linearity  was  observed  along  the  southern 
flank,  around  84°40'N  and  137°W,  where  the  width  of  the  hyperbolae 
increased  considerably  along  part  of  a.  loop,  suggesting  that  the 
ice  island  was  briefly  drifting  parallel  to  a  ridge.  The  inferred  trend 
in  this  deeper  location  is  again  northeast.  These  indications  are  based 
upon  scanty  data,  but  in  the  absence  of  a  more  detailed  survey  they 
offer  the  suggestion  that  these  features  are  ridges,  formed  at  a  large 
angle  to  the  inferred  direction  of  sediment  drift. 

Sediment  Cores 

Scientists  on  Station  Alpha  raised  fourteen  cores  from  the 
Alpha  Cordillera  to  the  west  of  Area  III.  These  cores  are  described 
and  discussed  by  Ericson  et  al.  (1964),  and  by  Hunkins  and  Kutschale 
(1967).  The  cores  showed  alternating  dark  and  light  brovm  lutites, 
easily  correlated  between  cores,  which  are  interpreted  as  evidence 
of  continuous  accumulation  uninterrupted  by  slumping  or  intercalation 
of  turbidity  current  layers.  The  top  10  cm  consisted  of  dark  brown 
foraminiferal  lutite  mixed  with  ice  rafted  sand  and  pebbles,  overlying 
a  light  brown  sand  with  ice  rafted  material  but  few  foraminifera  that 
extends  to  a  depth  of  40  cm.  These  layers  are  interpreted  to  be  a  result 
of  normal  pelagic  sedimentation  continuing  to  the  present,  but  diluted 
by  glacial  marine  accumulations.  Another  foraminifera-rich 
lutite  is  found  below  40  cm.  Carbon  14  dating  on  these  cores  showed 
the  sediments  between  7  and  10  cm  to  be  around  30,000  years  old. 

Ku  and  Broecker  (1967)  used  the  uranium  series  method  to  date 
another  core  raised  from  T-3  in  1963  from  the  lower  flank  of  the 
cordillera.  Their  measurements  showed  an  age  of  70,000  years  at 
the  first  horizon,  located  at  a  depth  of  15  cm  in  this  particular  core, 
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and  indicated  an  age  of  220,000  years  at  the  lower  lithological  boundary 
at  45  cm.  These  and  the  other  measurements  indicate  that  the 
rate  of  deposition  has  remained  essentially  constant  at  a  very  low 
rate  of  2  mm/1000  years  for  at  least  150,000  years. 

While  none  of  these  cores  is  definitely  known  to  have  come  from 
an  area  exhibiting  hyperbolae,  primarily  because  of  the  inability  of 
the  explosive  sounding  method  used  on  Station  Alpha  to  recognize  this 
type  of  feature,  there  is  good  evidence  that  these  cores  do  contain 
the  types  of  sediment  found  in  the  area  of  hyperbolization.  A  tripod 
camera  equipped  with  three  trigger  cores  obtained  short  cores  from  an 
area  with  hyperbolae  up  to  30  meters  high  on  October  28,  1968.  These 
cores  showed  a  sharp  boundary  between  dark  and  light  brown  foramin- 
iferal  and  sandy  lutites  like  that  in  the  Alpha  cores.  In  addition,  Beal 
(1968)  reported  hyperbolae  south  of  the  cordillera  crest  on  a  profile 
obtained  by  the  submarine  U.S.S.  Sargo  in  I960,  and  part  cf  this  pro¬ 
file  traverses  the  Alpha  drift  area  from  which  the  cores  were  raised. 

If  the  Alpha  cores  are  representative,  a3  the  short  cores  suggest, 
then  the  relatively  well  correlated  sediments  and  uniform  sedimentation 
rate3  indicate  that  no  non-uniform  horizontal  transport  has  been  taking 
place,  certainly  for  the  last  150,000  years,  and  probably  much  longer. 

Camera  Stations 

Eighty-two  camera  stations  were  occupied  over  the  Alpha  Cordillera 
during  the  present  drift  of  T-3,  Two  types  of  camera  were  used.  An 
impact-triggered  Thorndike  bottom  camera,  equipped  with  a  separate 
photographic  nephelcmeter  (Thorndike  and  Ewing,  1967)  for  the 
measurement  of  light  scattering  intensity,  was  used  at  thirty-nine 
stations.  Of  these,  twenty-two  yielded  useful  scattering  measurements. 
Forty-three  stations  were  occupied  with  a  tripod  camera,  an  apparatus 
consisting  of  a  deep-sea  camera  suspended  from  the  apex  of  a  rigid 
tripod  which  i.s  placed  on  the  ocean  floor.  The  tripod  permits  closeup 
photographs  and  provides  a  rugged  platform  to  which  a  compass  and 
various  other  devices  may  be  affixed.  Photos  were  taken  every  130 
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seconds,  and  a  number  of  sites  were  usually  occupied  at  each  station. 

The  bottom  photographs  reveal  a  contrast  between  the  seafloor 
on  the  deep  plains  and  that  on  the  high  ridges  and  rises  (Hunkins  et  al., 
I960,  1970).  The  ridges  and  rises  are  found  to  be  littered  with  small 
fragments  o1'  ice-rafted  pebbles  and  seashells,  and  a  few  larger  ang¬ 
ular  cobbles  (Figure  34).  Scour  marks  indicate  the  presence  of  bottom 
currents.  Abundant  animal  life  is  found,  with  animal  tracks  and  burrows, 
as  well  as  brittle  stars,  medusae,  amphipods,  crinoids,  sponges,  and 
sometimes  even  fish  being  photographed.  The  plains,  on  the  other  hand, 
show  a  veritable  mosaic  of  animal  tracks,  but  relatively  few  animals, 
and  practically  no  ice-rafted  material. 

Photographs  obtained  from  the  present  drift  of  T-3  over  the  Alpha 
Cordillera  do  not  reveal  any  appreciable  differences  between  areas 
with  hyperbolization  and  those  without.  Although  large  variations  in 
debris  concentration  are  observed,  the  variability  over  the  course  of  a 
single  lowering  in  a  single  province  anly  points  out  the  random  nature 
of  the  accumulation  of  ice-rafted  debris.  The  regions  of  maximum 
hyperbolization  show  no  consistent  increase  in  fine  sediment  relative  to 
debris.  These  observations  support  the  suggestion  that  the  present  area 
i3  quite  similar  to  that  from  which  the  Alpha  cores  and  photos  were 
obtained.  It  would  appear  that  while  the  irregularities  are  being  perpet¬ 
uated  by  the  conformal  pelagic  and  glacial  marine  sedimentation,  the 
sedimentary  processes  which  produced  the  bottom  irregularities  are 
presently  inactive. 

Bottom  Current  Measurements 

Current  measurements  were  made  at  twenty-two  locations  in  Area 
III  with  the  tripod  camera,  first  using  visual  observations  of  a  direct¬ 
ion  vane  and  later  of  a  dissolving  dye  pellet.  Directional  measurements 
were  referenced  to  true  north  by  comparing  the  current  directions  with 
a  compass  in  the  field  of  view,  and  then  correcting  the  compass  wr 
magnetic  variation.  No  quantitative  measurements  were  made,  but  the 
currents  were  sufficiently  strong  and  persistent  to  give  generally 
consistent  results  with  the  vane  at  different  sites  occupied  at  each 
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station,  and  consistent  results  with  the  dye  pellets.  Such  currents  are 
most  likely  of  the  order  of  1  cm/sec,  The  nine  stations  traversing  the 
cordillera  showed  currents  (Figure  31)  flowing  south  and  southeast, 
indicating  a  weak  general  flow  over  the  cordillera  from  northwest  to 
southeast.  Other  current  measurements  were  made  on  the  southern 
flank  just  below  the  crestal  plateau;  current  directions  are  scattered, 
perhaps  indicating  that  these  weak  currents  are  controlled  by  the  local 
topography,  or  are  caused  by  tidal  motions. 

Hunkins  et  al.  (I960)  reported  several  quantitative  measurements 
of  bottom  currents  to  the  west  of  the  present  area,  with  speeds  of 
0.3  to  0.6  cm/sec  obtained  by  tracking  clouds  cf  stirred  up  sediment 
seen  in  the  bottom  photographs.  The  new  measurements  from  the 
cordillera  probably  have  similar  velocities. 

The  observed  current  directions  are  consistent  with  those  which 
might  be  expected  to  produce  the  distribution  of  hyperbolae  observed 
on  the  cordillera.  However,  the  observed  speeds  are  much  too  small, 
indicating  that  the  drift  process  is  presently  inactive  but  raising  the 
possibility  that  a  similar  circulation  with  considerably  higher  speeds 
was  once  at  work. 

Nepheloid  Measurements 

Hunkins  et  al.  (1969)  reported  the  results  of  all  the  light  scattering 
observations  made  from  T-3  between  1965  and  early  1969.  In  all 
stations  over  the  ridges  and  rises,  a  deep  zone  of  light  scattering, 
called  the  bottom  nepheloid  layer,  was  observed  to  occur  below  an 
intermediate  scattering  minimum.  The  degree  of  scattering  increases 
with  depth  below  this  bottom  nepheloid  layer.  This  layer  is  absent  over 
the  Canada  Plain,  where  the  scattering  was  found  to  decrease  slightly 
with  depth  from  2000  meters  to  the  bottom.  These  observations,  plus 
the  snot  measurements  of  relatively  weak  4-6  cm/sec  bottom  currents 
at  four  stations  on  the  Mendeleyev  Ridge  and  of  less  than  1  cm/sec  at 
one  station  on  the  Canada  Plain,  led  Hunkins  et  al,(1969)  to  conclude 
that  thf  ridges  and  rises  are  being  presently  swept  by  bottom  currents 
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which  leep  the  fine  material  in  suspension  by  turbulent  flow,  erad¬ 
icating  some  of  the  animal  tracks  and  keeping  the  glacial  debris  expo¬ 
sed,  In  contrast  to  the  high  areas,  the  plains  receive  sufficient 
lurbidites  to  bury  the  randomly  distributed  ice  rafted  material,  but 
infrequently  so  that  the  animal  tracks  produced  by  a  smaller  animal 
population  are  preserved. 

The  locations  of  the  nephelometer  and  camera  stations  are  shown 
in  Figure  32.  Two  characteristics  of  the  bottom  nepheloid  layer,  deter¬ 
mined  from  an  analysis  of  the  nephelometer  records,  are  contoured  in 
the  figure.  Considerable  liberty  has  been  taken  in  contouring  the 
sparse  data,  but  the  contours  appear  valid  where  the  control  is  good, 
and  they  are  reasonable  insofar  as  they  relate  to  the  other  data  available 
along  the  same  track.  The  thickness  shows  a  tendency  to  increase  with 
water  depth.  The  R  value  for  the  measurement,  defined  as  the  ratio 
of  the  densitometer  deflection  at  the  bottom  of  the  layer  to  the  deflect¬ 
ion  at  the  depth  of  maximum  clarity,  and  therefore  a  measure  of  the 
strength  of  the  turbidity,  is  contoured  on  a  10%  difference  interval. 

A  comparison  of  the  JR  value  contours  with  the  microphysiography 
(Figure  31)  shows  that  the  R  value  has  an  inverse  correlation  with 
the  degree  of  hyperbolization.  A  good  example  is  found  below  the 
crestal  plateau  at  about  85  °N  I30"W  where  the  highest  R  value  obser¬ 
ved  (R  =  2.1)  is  surrounded  by  lower  values,  and  is  associated  with  an 
isolated  area  with  little  or  no  hyperbolization. 

The  meaning  of  this  correlation  is  uncertain.  If  it  represents 
•:ause  and  effect,  then  this  might  suggest  that  very  weak  deposition 
is  occurring  where  hyperbolae  have  previously  been  formed,  and  that 
small  amounts  of  fine  material  are  being  swept  up  in  turbulent  flow,  or 
at  least  held  in  suspension,  where  hyperbolae  are  scarce.  While  the  cores 
do  not  indicate  that  hyperbolae  are  presently  being  formed,  this  inter¬ 
pretation  would  suggest  that  the  present  circulation  could  account  for  the 
distribution  of  hyperbolae  if  the  currents  were  appreciably  stronger. 
Alternatively,  the  correlation  may  be  a  result  of  other  unknown  factors. 
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In  summary,  these  data  suggest  that  the  hyperbolization  reflects 
the  presence  of  elongate  sedimentary  structures,  formed  by  the 
bottom -current -related  transport  of  fine  sediment  across  the  crest  of 
the-  Alpha  Cordillera  from  northwest  to  southeast.  The  weakness  of  the 
observed  currents,  the  uniform  sedimentary  cover  considered  to 
blanket  these  features,  the  random  distribution  of  ice  rafted  debris 
in  the  phot  graphs,  and  the  low  strength  of  the  turbidity  of  the 
bottom  nepheloid  layer  indicate  that  this  process  is  presently  inactive. 
However,  the  oresent  circulation  inferred  from  the  bottom  currents 
and  nepheloid  layer  observations  appears  to  be  capable  of  producing  the 
observed  hyperbolization  if  the  currents  are  increased  considerably. 

It  is  tempting  to  speculate  that  such  an  increase  in  circulation 
without  appreciable  change  in  pattern  would  attend  an  ice-free  ocean 
where  greater  coupling  between  the  atmosphere  and  ocean  was  possible. 
If  this  is  so,  then  we  are  presented  with  a  method  of  dating  this  event, 
oy  coring  the  uppermost  uniform  blanket  and  dating  the  current  depos¬ 
ited  sediment  beneath.  Denton  (1969)  has  suggested  from  glaciological 
investigations  that  North  American  glaciation  has  occurred  intermit- 
tantly,  not  since  the  beginning  of  the  Pleistocene,  but  probably  since 
the  Upper  Miocene,  some  10  million  years  ago.  Assuming  a  constant 
sedimentation  rate  of  about  1  mm/ 1000  years  which  Steuerwald  et  al. 
(1968)  have  shown  to  hold  for  the  past  4  million  years  in  a  magnetically 
dated  5.54  meter  long  core  from  the  northern  margin  of  the  Chukchi 
Rise,  we  arrive  at  a  possible  blanket  of  10  (or  perhaps  20)  meters  of 
uniform  sediment  overlying  the  current-deposited.material.  This 
thickness  represents  the  first  dark  band  on  the  seismic  profiler, 
and  may  explain  why  the  profiler  appears  to  show  active  hyperbolization 
extending  right  to  the  surface. 
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The  Mendeleyev  Plain  and  Buried  Hyperbolization 

Figure  33  is  a  drum  recorder  profile  across  the  edge  of  the 
Mendeleyev  Plain.  This  profile  is  the  same  as  Profile  b-c-d-e 
in  Figure  id.  The  record,  obtained  over  a  two  week  period,  is 
displayed  as  a  function  of  time,  and  therefore  does  not  have  a 
linear  distance  scale.  Horizontal  time  lines  are  printed  every 
second,  so  that  the  subbottom  depth  in  seconds  can  reasonably 
be  assumed  to  represent  the  depth  in  kilometers. 

A  particularly  clear  section  through  the  plain  is  seen  at  about 
115  km  on  the  distance  scale  in  Figure  33.  This  section  is  shown  in 
more  detail  in  Figure  34,  Five  layers  are  distinguished  The  top 
layer  is  approximately  550  meters  thick.  The  top  of  this  layer  is  the 
present  plain  surface,  and  is  recorded  as  three  strong  closely  spaced 
horizons  followed  by  numerous  weaker  horizons,  indicative  of 
turbidity  deposits.  Two  moderately  strong  reflectors  150-160  meters 
below  the  bottom  can  be  traced  over  the  whole  profile.  This  upper¬ 
most  layer  is  observed  everywhere  on  the  Mendeleyev  Ridge,  with 
the  exception  of  the  erosion  zone  along  the  ridge  flank,  to  be 
discussed  later. 

The  second  layer,  beginning  at  a  depth  of  approximately  550  meters, 
is  about  300  meters  thick,  regionally  smooth,  and  is  recorded  as  two 
sequences  of  hyperbolic  reflections.  The  top  of  this  layer  is  well 
defined  as  a  number  o'!  closely  spaced  strong  reflectors,  and  this 
horizon,  and  the  layer  it  marks,  will  be  called  A  (not  to  be  confused 
with  similarly  named  horizons  in  other  oceans).  The  hyperbolic 
reflections,  observed  throughout  the  plain  at  this  depth,  are  similar 
to  the  hyperbolization  on  the  crestal  plateau  of  the  Alpha  Cordillera, 
and  probably  result  from  a  similar  sedimentary  process.  If  an 
average  sedimentation  rate  of  about  1  cm/1000  years  is  assumed  for 
most  of  the  overlying  sediment,  one  might  speculate  that  this  hyper¬ 
bolization  is  a  result  of  a  strong  bottom  circulation  brought  about  by 
the  op^nino  of  th*>  ^\+.1ant.ir  Oro.an  about.  60  miiUon  vears  atro. 
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The  third  layer,  600  meters  thick,  extends  from  about  900  meters 
to  a  depth  of  about  1500  meters  below  the  seafloor.  The  top  of  this 
layer  is  distinguished  by  two  strong  and  continuous  refletors  over¬ 
lying  a  transparent  layer.  This  horizon  is  regionally  smooth,  but 
regionally  not  as  smooth  as  the  A  horizon  above.  This  horizon,  which 
will  be  called  B,  appears  to  merge  with  A  on  the  ridge  flank.  Although 
the  exact  point  of  transition  is  obscured  in  this  profile,  it  is  apparent 
in  several  ether  profiles.  The  double  reflecting  horizon  seen  at  about 
400  meters  depth  on  the  ridge  flank  is  probably  A  with  B  just  below. 

The  fourth  layer  in  this  section  appears  to  extend  from  a  depth 
of  around  1500  meters  to  approximately  2100  meters,  where  another 
strong  sequence  of  reflectors  is  encountered.  This  layer,  which  we 
shall  call  C,  is  remarkably  smooth  and  consists  of  a  600  meter  thick 
sequence  of  weak  reflecting  horizons.  This  layer  appears  to  drape  the 
rising  basement  in  Figure  33  at  50  km,  forming  the  deepest  layer 
observed  on  the  ridge  flank. 

The  fifth  layer,  below  2100  meters,  contains  few  reflectors.  No 
underlying  sedimentary  or  basement  interface  is  seen,  possibly  as 
a  result  of  a  large  thickness  of  sediment  below,  absorption  of  the 
signal,  or  both. 

On  the  ridge  flank,  the  strongly  reverberant  and  rough  boundary 
observed  beneath  the  sediments  between  0  and  50  km  looks  like 
basement,  but  is  probably  layer  C  in  close  proximity  to  the  basement, 
Evidence  for  this  is  seen  in  Figure  35. 

Figure  34  compares  seismic  reflection  profiles  from  the  four 
plains  within  the  Amerasia  Basin  where  measurements  have  been 
made.  Comparisons  are  made  difficult  by  the  different  frequency 
ranges  at  which  the  reflections  were  recorded,  and  the  different 
types  of  sound  source  used,  but  one  conclusion  can  be  drawn.  The 
three  plains  bordering  the  Alpha  Cordillera  -  the  northern  Canada 
Plain,  the  Mendeleyev  Plain,  and  the  Wrangel  Plain  (data  from 
Kutschale,  1966)  -  show  similar  stratigraphy  in  the  form  of  a  thick 
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uppermost  layer  overlying  a  closely  spaced  A  and  B  layer.  The 
relative  thicknesses  of  the  three  layers  vary,  probably  as  a  function 
of  sediment  supply  from  bordering  shelves,  but  stratigraphic 
similarities  illustrate  that  both  basins  flanking  the  cordillera 
experienced  a  similar  change  in  sedimentation.  The  opening  of 
the  Atlantic  Ocean  might  have  produced  such  a  sequence  of  events. 

The  Mer.deleyev  Fracture  Zone 

The  Anear  nature  of  the  Mendeleyev  Fracture  Zone  is  shown  in 
the  three  projected  profiles  in  Figure  13.  Figure  35  shows  the  original 
chart  profiler  record  upon  which  Profile  C-C'  in  Figure  13  is  based. 
Three  explanations  for  the  development  of  the  scarp  appear  possible: 

1)  that  it  is  the  result  of  trans current  motion  which  brought  topograph¬ 
ically  different  areas  into  juxtaposition,  2)  that  it  was  produced  by 
vertical  movements,  or  3)  that  it  is  a  sedimentary  feature  which 
reflects  an  older  buried  basement  ridge  produced  by  1)  and/or  ?.)  above. 

An  examination  of  Figures  13  and  35  supports  the  third  explanation. 
Transcurrent  motion  during  or  following  the  deposition  of  some  or  all 
of  the  sediments  seems  unlikely  in  the  absence  of  a  vertical  disturbed 
zone  in  any  of  the  profiles  in  Figure  13.  Vertical  movements  resulting 
directly  in  formation  of  the  scarp  are  ruled  out  by  the  thickening  of  the 
sedimentary  section  across  the  scarp,  and  by  the  thinning  of  the  layers 
in  the  trough  where  they  abut  the  trace  of  the  scarp.  A  stratigraphic 
interpretation  which  supports  explanation  3)  is  given  below. 

On  the  high  side  by  the  scarp,  approximately  700  meters  of 
sediment  are  found  overlying  another  strongly  reflecting  interface.  Two 
horizons  are  observed  at  300  and  about  425  meters,  with  perhaps 
another  weak  one  at  550  meters.  The  strong  horizon  at  700  meters 
consists  of  three  closely  spaced  reflectors  overlying  an  opaque  layer. 
This  interface  is  much  too  smooth  to  be  basement,  and  from  the 
projected  profiles  in  Figure  13,  would  appear  to  correlate  with 
horizon  C  on  the  plain.  Away  from  -he  scarp  there  is  a  suggestion 
of  stratification  deep  below  this  strong  interface. 


Within  the  trough  adjacent  to  the  scarp,  a  900  meter  thick 
sequence  of  sediments,  stratigraphically  similar  to  those  on  the 
high  block,  is  found  to  overlie  a  strong  interface  similar  to  C 
east  of  the  scarp.  The  30%  thickening  of  the  section  is  considered 
to  be  a  result  of  sediment  ponding  within  the  trough,  and  is  evidence 
that  a  scarp  existed  throughout  the  period  represented  by  this  section. 
The  uppermost  layer  shows  little  thickening,  which  might  indicate 
predominantly  pelagic  sedimentation  for  this  layer. 

East  of  the  scarp,  the  uppermost  layer  is  highly  conformal  to 
the  reflectors  below,  again  suggestive  of  pelagic  sedimentation. 

Against  the  face  of  the  scarp  these  reflectors  bow  downward  and  show 
some  distortion.  This  appears  to  be  a  result  of  post-depositional 
slumping.  No  accumulation  of  slumped  material  is  seen  however, 
suggesting  that  bottom  currents  have  transported  the  sediment  away 
from  the  scarp  and  distributed  it  over  the  trough.  Bottom  currents 
also  appear  to  have  been  responsible  for  maintaining  a  scarp  long 
after  the  inferred  fractured  basement  ridge  (Figure  13)  was  burieu. 

At  present  the  scarp  face  appears  to  be  thinly  blanketed  by  the 
same  veneer  of  surficial  sediments  seen  elsewhere  in  the  area. 

Within  the  trough,  the  interface  interpreted  as  being  the  top 
of  layer  C  is  underlain  by  a  minimum  of  400  and  possibly  up  to  1000 
meters  of  sediment  with  acoustic  characteristics  similar  to  those  of 
C  on  the  plain  (Figure  33).  These  sediments,  like  those  overlying 
them,  dip  away  from  the  scarp.  This,  plus  the  tendency  to  thicken  away 
from  the  scarp,  appears  to  be  a  result  of  either  differential  compaction, 
or  deposition  on  a  slope,  or  both,  and  is  evidence  that  the  fracture 
predates  these  sediments  too. 

Bottom  Erosion  Zone  along  the  Mendeleyev  Ridge 

A  zone  of  bottom  erosion  parallels  the  Mendeleyev  Ridge.  On  the 
north,  this  zone  is  evident  between  30  and  50  km  in  Profile  A -A'  of 
Figure  13  (also  shown  as  section  n-o-p  of  Profile  j-s  in  Figure  14, 
where  the  uppermost  300  meters  of  sediment  appear  to  overlie  un- 
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conformably  layers  A,  B,  and  perhaps  also  C.  However,  A,  B,  and 
C  appear  to  be  mutually  conformable  and  flat  lying,  indicating  that  the 
erosion  occurred  at  or  near  the  end  of  the  deposition  of  A,  and  perhaps 
contemporaneous  to  the  development  of  the  now-buried  hyperbolizatior. 
seen  on  the  plain. 

Two  similar  sedimentary  features  are  developed  on  a  ridgo  crest 
west  and  southwest  of  the  area  of  unconformities.  These  are  seen 
in  sections  1-m  and  n-o  of  Profile  j-s  in  Figure  14.  The  original 
record  of  Profile  n-o  is  shown  in  Figure  36.  The  present  seafloor 
is  a  series  of  three  topographic  "megaripples1'  on  a  narrow  eastward 
dipping  shelf.  In  the  profiles,  the  generally  uniform  top  layer  appears 
to  thin,  be  deformed,  and  may  disappear  altogether.  A  series  of  bottom 
photographs  taken  over  the  summit  of  the  highest  peak  in  Profile  1-m 
revealed  several  outcrops  that  Hunkins  et  al.  (1970)  suggested  could  be 
volcanic  or  perhaps  carbonate  rocks,  and  which  the  reflection  profile, 
showing  a  thick  sequence  of  strong  reflectors  beneath,  indicates  is 
probably  consolidated  sediment  from  layer  A  or  B.  The  photographs 
f.  om  this  lowering,  the  only  outcrop  photos  known  for  the  Canada  Basin, 
are  shown  in  Figure  36.  In  sequence,  these  photos  show  (1)  ice -rafted 
angular  cobbles  and  current  scour  marks,  (2)  sea  lilies  oriented  with 
the  current,  some  animal  tracks,  cobbles,  and  scour  marks,  (3)  an 
encrusted  outcrop,  and (4)  soft  sediment  with  animal  tracks  and  one 
ice-rafted  cobble  in  an  area  that  is  probably  not  swept  by  currents. 

The  outcrop  area,  the  rippled  shelves,  and  the  area  with  buried 
unconformities  appear  to  result  from  erosion  (and  deposition)  by 
bottom  currents,  which  in  places  appears  to  continue  to  the  present. 

It  in  interesting  to  speculate  on  the  source  of  such  strong  long¬ 
term  currents.  One  possible  explanation  is  the  presence  and  close 
proximity  of  the  Cooperation  Gap,  whose  reported  2700  meter  depth 
(Belov  and  Lapina,  1958)  and  presumed  orientation  (Figure  1)  would 
allow  bottom  water  in  the  northern  Amerasia  Basin  and  possibly  the 
Eurasia  Basin  to  pass  through  the  Alpha  Cordillera  and  be  circulated 
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along  the  Mendeleyev  Ridge  as  a  contour  current.  These  currents 
would  presumably  be  strongest  near  the  gap,  and  confined  to  a  narrow 
zone  like  that  observed.  Such  currents  could  also  be  expected  to  exist 
for  as  long  as  there  is  a  gap.  A  counterclockwise  deep  circulation 
like  that  observed  and  discussed  by  Hunkins  et  al.  (1969)  would  be 
reinforced  by  deep  water  entering  the  basin  in  this  manner. 

Buried  Channels  through  the  Flank  of  the  Mendeleyev  Fracture  Zone 

Figure  37  shows  two  crossings  of  a  channel  (No.  1)  that  appears 
to  have  once  acted  as  a  passage  through  the  high  side  of  the  Mendeleyev 
Fractvxre  Zone,  perhaps  between  the  ridge  and  the  plain.  In  both 
crossings  the  channel  is  seen  impressed  upon  the  sediment  interfaces, 
to  a  depth  of  700  meters  in  the  upslope  crossing,  and  to  about  500  meters 
in  the  lower  one.  The  channel  appears  to  have  first  developed  in  layer 
C,  have  subsequently  been  filled  with  reverberent  turbidites,  re¬ 
juvenated  at  about  the  time  that  bottom  currents  were  probably  building 
up  the  sediment  wedge  observed  in  the  high  area  between  crossings 
(13  km),  and  then  filled  up  with  conformal  (pelagic?)  sediments  that 
have  preserved  the  outline  associated  with  the  time  represented  by 
the  sediments  at  a  depth  of  270  meters.  The  downslope  channel 
appears  to  have  migrated  north  about  one  kilometer  during  its  inter¬ 
mediate  period  of  usage.  The  hyperbolization  present  in  the  plain 
sediments  corresponding  to  this  period  suggests  that  the  migration 
might  somehow  be  related  to  bottom  current  scour  and  deposition. 
Enhanced  hyperbolization  appears  adjacent  to  the  downslope  channels 
(23-35  km). 

At  the  present  time  the  gradient  of  the  fossil  channel  (Mo.  1)  i3  1:32, 
corresponding  to  a  reasonably  steep  slope  of  1.8".  The  sedimentary 
character  of  the  smooth  basal  layer  C  is  particularly  evident  from 
the  presence  of  the  channel,  and  under  the  sediment  wedge,  where 
horizontal  stratification  is  observed  750  meters  below  C. 

A  second  channel  (No.  2)  was  traversed  further  to  the  north.  The 
reflection  record  for  thi3  crossing  is  not  as  clear  as  for  the  others, 
but  a  development  very  similar  to  that  of  Channel  1  is  indicated. 
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All  three  channel  crossings  show  the  channel  floor  to  be  higher  on 
the  right  when  the  observer  is  looking  downstream.  This  elevation 
be<  omes  more  pronounced  with  depth  beneath  the  surface  in  the  two 
downslope  traverses.  Several  explanations  might  be  possible.  The 
dip  at  the  surface  might  be  a.  result  of  oblique  crossings  of  the  chan¬ 
nels,  always  in  a  way  so  that  they  appear  to  dip  north.  However,  this 
would  not  explain  the  increase  in  dip  with  depth,  unless  the  deeper 
channels  change  direction  in  some  consistent  manner.  Another  possi¬ 
bility  is  that  the  thickness  and  velocity  structure  of  the  sediments 
covering  the  deep  channels  change  horizontally  so  that  a  greater  ap¬ 
parent  dip  is  recorded.  This  appears  unlikely  however,  as  the  north¬ 
ward  migration  of  the  channels  has  produced  a  uniform  sediment 
thickness  over  the  deepest  channel  which  probably  could  not  account 
for  much  of  the  additional  tilt.  A  third  possibility  is  that  flow  through 
the  channel  has  produced- a  variable  dip  in  the  channel  bottom.  On  the 
Wrangel  Plain,  Kutschale  (1966)  observed  flat-bottomed  channels  with 
natural  levees  that  were  always  higher  on  the  right  bank  when  facing 
downstream.  These  apparently  result  from  channel  overflow  and 
accompanying  sedimentation  when  pressure  gradient  and  Coriolis 
forces  cause  tilting  of  the  turbidity  current  -  water  interface  during 
turbidity  current  discharges.  Perhaps  in  the  case  of  deeper  canyons 
where  levees  cannot  form  it  is  possible  to  form  a  tilted  channel  floor. 
Another  possibility,  which  is  consistent  with  the  observations  but 
highly  speculative,  is  that  the  tilts  record  the  subsidence  of  the 
Alpha  Cordillera  and  Mendeleyev  Ridge  over  the  long  time  period 
following  the  cessation  of  spreading.  In  the  absence  of  more  data,  no 
firm  conclusions  are  possible. 
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Five  of  the  data  reduction  programs  used  in  this  investigation 
were  considered  to  be  of  sufficiently  broad  interest  to  be  presented 
here.  The  programs  are  written  in  Fortran  for  an  IBM  1130  digital 
computer  with  16K  word  core  storage,  card  reader /punch,  and  a  disk 
storage  system.  With  small  changes  the  programs  should  be  com¬ 
patible  with  other  computers.  Program  listings,  without  control  cards, 
are  given  below.  Examples  of  data  input  and  output  are  included. 
Celestial  Navigation  Programs:  EPOC,  LUNE,  and  CELPS 

Over  2400  celestial  fixes  were  used  in  the  preparation  of  the 
T-3  drift  track  from  1962  through  1970.  Each  fix,  consisting  of  three 
or  more  lines  of  position,  required  checking,  and  often  recomputation. 
Because  the  observational  methods  afforded  more  precision  than 
that  available  by  reduction  using  the  Nautical  Almanac,  and  in  order 
to  achieve  some  measure  of  uniformity  in  the  work  of  numerous 
navigators,  the  fixes  were  recalculated  by  computer. 

Three  steps  are  entailed  in  determining  a  fix.  The  first  involves 
reducing  the  observations,  the  second  requires  the  calculation  of  the 
celestial  coordinates  of  the  bodies  observed,  and  the  third  consists 
of  finding  that  geographic  position  which  satisfies  the  observations. 

The  programs  are  written  so  that  the  first  and  third  steps  are  lumped 
together,  and  the  second  step  is  performed  first. 

Celestial  coordinates  are  computed  by  two  programs,  one  for 
the  sun  and  stars,  the  second  for  the  moon.  The  planets  are  not 
programmed  as  their  motions  are  considerably  more  complex  than 
the  other  bodies.  However  a  provision  was  made  so  that  planet  data 
could  be  used  with  somewhat  diminished  accuracy.  Program  .EDOC 
(Epherr.erto  Data  on  Cards)  computes  the  solar  or  stellar  Greenwich 
Hour  Angle,  declination,  horizontal  parallax,  and  semi-diameter, 
while  LUNE  (lunar  Ephemeris)  does  the  same  for  the  moon.  The 
coordinates  for  the  sun  in  the  hour  angle  system  are  determined  by 
trigonometrically  transforming  the  solar  ecliptic  latitude  and 
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longitude,  computed  from  the  Newcomb  theory.  Brown's  theory  is 
used  in  a  similar  fashion  for  the  moon.  In  these  theories,  the 
latitude,  longitude,  and  radius  vector  are  described  by  generating 
functions  with  numerous  additional  terms  stemming  from  the 
perturbations  of  the  planets.  The  formulae  employed  are  given  by 
Woolard  (1953).  In  practice  the  maximum  errors  in  the  computed 
coordinates  should  be  less  than  3"  of  arc  (0.05  nautical  miles).  Star 
coordinates  are  determined  by  updating  the  right  ascension  system 
coordinates  of  navigational  stars  at  epoch  1950.0,  as  determined  from 
the  Smithsonian  Astrophysi cal  Observatory  Star  Catalog  (1966).  The 
method  of  updating  is  given  In  the  Explanatoiy  Supplement  to  the 
American  Ephemeris  and  Nautical  Almanac  of  the  Almanac  Office  (1961). 

A  punch  card  is  prepared  for  each  observation,  giving  Greenwich 
date  and  time  of  observation,  a  code  number  for  the  body  observed, 
the  altitude  and  relarive  azimuth  of  the  body,  the  air  temperature 
and  barometric  pressure,  the  approximate  position,  and  the  body 
name.  The  observation  cards,  each  followed  by  a  blank  card,  are 
fed  into  the  computer,  the  proper  coordinates  are  computed  by 
EDOC  or  LUNE,  and  the  results  are  punched  on  the  blank.  The 
observation  cards  with  their  coordinate  data  are  then  grouped  into 
fixes  (ut«  to  six  observations  per  fix),  terminated  by  another  blank, 
and  processed  by  a  third  program  called  CELPS  (Celestial  Positions). 

Program  CELPS  computes  the  following: 

a)  The  correction  for  atmospheric  refraction  to  be  applied  to 
the  observed  altitude,  determined  from  the  Pulkova  formulation, 

b)  The  latitude  and  longitude  of  the  intersection  of  every  two 
lines  of  position, 

c)  The  latitude  and  longitude  of  the  center  of  the  circle  inscribed 
into  each  triangle  determined  by  three  lines  of  position,  along  with  the 
radius  of  that  circle  in  nautical  miles, 

d)  The  perpendicular  distance  from  each  line  of  position  to 
the  center  of  the  smallest  inscribed  circle,  in  nautical  miles, 
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e)  The  latitude  and  longitude  determined  by  a  least  squares 
solution  of  all  lines  oi  position, 

1)  The  azimuth  of  the  zero-line  of  the  theodolite  horizontal 
iin-le  referenced  to  (rue  north,  for  each  line,  calculated  from  the 
center  position  of  the  smallest  inscribed  circle,  and 

g)  The  average  time  of  all  intersections  and  triangles  determined 
from  the  original  times  of  the  observations  comprising  them,  and  the 
duration  of  the  fix  in  hours. 

The  results  are  printed  out  (Figure  38),  and  the  position  associated 
with  the  smallest  circle  of  error  -  assumed  to  be  the  best  position  - 
is  punched  onto  the  final  blank  card  as  data  to  be  used  in  subsequent 
programs.  Data  from  planets,  or  any  other  body  for  that  matter,  can  be 
used  by  obtaining  the  hour  angle  and  declination  from  the  Nautical 
Almanac  or  American  Ephemeris  and  entering  these  numbers  on  a  blank 
card  following  that  particular  observation  card.  This  method  can  also 
be  used  for  visible  earth  satellites  if  their  coordinates  are  known.  If 
only  one  observation  is  available  the  assumed  position  is  used  to  compute 
the  theodolite  zero-Lne  azimuth. 

Several  merits  and  limitations  of  the  CELPS  program  should  be 
noted.  Two  generating  functions  for  the  water  vapor  pressure  as  a  func¬ 
tion  of  temperature  are  used  in  the  refraction  formulae,  permitting 
corrections  over  a  very  broad  range  of  temperatures  (_- 75°  to  +40 °C). 

The  program  is  written  for  the  northern  hemisphere;  slight  alterations 
might  be  required  for  observations  south  of  the  equator.  Finally,  the 
instrumental  height  above  sealevel  H,  is  set  at  5  meters,  but  should  be 
changed  if  observation  altitudes  are  appreciably  different. 

Six  subroutines  are  used  by  these  programs.  Given  the  sine  and 
cosine  of  an  angle,  QUAD  gives  the  angle  in  the  range  0  to  2777  List 
element  UPR  is  the  units  per  radian,  equal  to  57,2957795131  if  the 
result  ANGLE  is  desired  in  degrees.  JULDT  converts  the  civil  calender 
date  and  Greenwich  Mean  Time  to  various  forms  of  Julian  time.  Tj 
is  days  after  0000Z  January  0,  1900,  a  convenient  form  for  handling 
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data  collected  over  a  broad  time  span,  TJA  is  referenced  to  the 
beginning  of  the  Julian  calender,  and  TJC  is  the  fraction  of  the 
current  Julian  century,  used  in  the  astronomical  generating  functions. 
Subroutine  TIME  converts  any  of  the  aforementioned  times  back  to 
civil  date  and  Greenwich  Mean  Time.  INL-OP  determines  the 
intersection  of  the  lines  of  position  and  the  center  and  radius  of  the 
inscribed  circles,  while  XYC  and  PFXY  are  discussed  in  the 
next  section. 

Together  these  programs  offer  a  convenient  way  to  obtain 
position  and  azimuth  information  without  the  necessity  of  mastering 
celestial  navigation,  at  least  beyond  the  point  of  obtaining  correct 
sights  on  identifiable  bodies. 

Wind  Drift  Program:  WPP 

An  ice  island,  unattached  buoy,  or  any  other  drifting  body  moves 
in  response  to  the  winds  and  currents,  which  are  themselves  often 
wind  produced.  If  position  fixes  are  obtained  infrequently,  then 
frequent  wind  observations  can  help  define  the  track  of.  the  body 
in  the  intervening  periods.  Such -techniques'  have  proved  of  great 
value  in  determining  the  drift  of  mannedice  stations,  and  should 
prove  useful  in  the  future  for  the  unmanned  drifting  scientific 
stations  to  be  located  and  interrogated  by  earth  satellite. 

Nansen  observed  from  the  drift  of  the  FRAM  that  the  ice  drift 
was  approximately  1/50  the  wind  speed  in  a  direction  28-30°  to 
the  right  of  the  wind  (in  the  northern  hemisphere).  A  computer 
program  is  presented  that  is  based  upon  a  similar  assumption, 
except  that  the  deviation  angle  and  speed  factor  is  calculated,  and 
used  with  the  observed  winds  to  compute  intermediate  positions. 

Program  WDP  (Wind  Derived  Positions)  reads  in  a  maximum 
of  2000  positions,  followed  by  up  to  5000  wind  observations.  Pro¬ 
ceeding  from  fix  to  fix,  it  uses  average  winds  between  wind  obser¬ 
vations  over  the  interval  between  fixes  to  compute  not  only  the 
deviation  angle  and  speed  factor  required,  but  also  the  ocean  currents 


115 


required  if  the  ice  responds  to  the  wind  according  to  Nansen's 
average  values  of  30  ’ and  0.02.  Printing  these  results,  the 
program  then  calculates,  for  the  time  of  each  wind  observation,  the 
positions  resulting  from  both  the  purely  wind  derived  drift  solution, 
and  the  wind  plus  current  solution.  A  card  is  punched  at  each 
calculation  point  giving  the  time  and  most  probable  position  in  a 
standard  format  compatible  with  the  other  reduction  programs.  The 
wind  and  current  solution  is  used  in  place  of  the  purely  wind  derived 
solution  whenever  the  calculated  wind  speed  factor  exceeds  0.035  or 
falls  below  0.0075,  which  is  an  indication  that  currents  or  the  effects 
of  winds  acting  at  a  distance  are  acting  during  periods  of  calm,  or. 
that  the  ice  is  restrained  and  cannot  respond. 

In  addition  to  the  most  probable  position,  the  program  punches 
out  the  wind  drift  and  current  parameters  and  interval  duration  on 
the  fix  card  ending  each  interval,  making  this  information  available 
for  plotting  theoretical  currents  etc.  .  Three  new  subroutines  are 
called  by  this  program.  AWDP  is  an  auxilliary  subroutine  of  no 
special  interest.  XYC  computes  the  cartesian  coordinates  of  any 
point  with  latitude  SLA  and  longitude  SLO  on  a  north  polar  stereographic 
projection,  such  that  the  ordinate  is  zero  along  the  meridian  (UMAX 
+  UMIN)/2.  The  coordinates  are  expressed  in  nautical  miles,  and  angles 
in  radians.  PFXY  converts  these  coordinates  back  to  degrees  and 
minutes  of  latitude  and  longitude. 

In  all  programs  negative  latitudes  and  longitudes  represent  the 
southern  and  western  hemispheres,  respectively. 

Gravity  Tie  Program:  GRVT 

Program  GRVT  (Gravity  Tie)  was  written  to  perform  the  rather 
laborious  task  of  correcting  gravity  ties  for  earth  tides,  and  to 
compute  gravity  meter  base  values  and  drift  corrections.  This 
program  is  tailored  to  the  Lacoste  and  Romberg  geodetic  (Model  G) 
meter,  a  widely  used  instrument,  but  can  be  altered  to  work  for 


/-»  A>a 

Y  41.JI  »»»VVV  ►  —  • 


The  following  data  are  entered  into  >'he  computer:  an  identification 
card  listing  the  tie  site,  the  latitude,  longitude,  height  above  sealevel, 
and  the  gravity  value  at  the  site,  the  date  and  individual  readings  and 
observation  times  in  GMT.  The  program  uses  abbreviated  lunar  and 
solar  ephemeris  generators  to  calculate  the  altitude  and  distance  to 
the  moon  and  sun  for  each  observation,  in  order  to  compute  the 
magnitude  of  the  earth-tide  effect.  The  corrected  readings  are 
averaged,  and  the  screw  calibration  (entered  into  the  program  via 
a  DATA  statement)  used  to  calculate  the  gravity  corresponding  to 
a  zero  reading.  This  gravity  is  called  the  base  value  for  the  meter, 

After  a  tie,  gravity  may  be  measured  by  adding  the  observed 
meter  reading,  converted  to  milligals  by  the  screw  curve,  to  the 
base  value.  Any  drift  between  ties  will  be  reflected  in  changes  in  the 
computed  base  value.  If  several  ties  are  entered,  the  program  computes 
the  -*rift  rate  in  milligals  per  hour  and  per  day,  and  lists  all  the 
tie  dates,  base  values,  interval  durations,  and  meter  drift  rates. 
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PROGRAM  EDOC 

Sutvcuuws  OJAO,  JULOf,  £P»(£M 


i>»*  |\  t-C  to*. Iitto*  <KIWl  »»C»  itCUM  to  MilMC  U*I«4 
;v*«'AiiM  «V*^I1**C.U*«  wr«.t*0ii> 

>Kth«f«iltl*(/(Kl 
IMfMCMMtl 
v  I'MKHI^l.tl 

II  **<(«. ifcti'.l  HIMIOli 
)>  mM<i<u>b*o 
iitui* 
i  «** 


iwtkno?  j>»  /v.  1 1 1 10. I ■• 1 ** . 1-1  <  1 1 1 6  ,S  j ,  C/|(1X  I 

oi-«*vicm  *011)) 

mi*  h/o.ji. !♦,*<;. m, in. i M.m.j«»^n.w*.»»»,j*v 

•l»*0 

sj«iti<iH<iiiii,i; 

H|pJ>l«l|1i1il) 

V  tlll-tlll. 10. 10 
10  •  **•! 

IV  OJ* jo. •Oil* **l«*t**lf*l !«••  l*|4*1, 

0n«i9;*C.VM>»v|v,9 
*(t.*4 
1 40 


IM*  11  I*  IMMU)  IIMUIK  vvmmin 
luC*0w<IM  ItM* 

0!>i*tt»i  *i ii«i.iini«i.m i/«i-*ii w*i 

(o—o*  t.t i. u. i »w. o. ei.it. -*i.i<e. MiOi.m.i.tit 

oiu  K.v/v.iuimuii'i.i.s/ 

C*l*  l/lM<t.«,. II., ««|.. /*•»,,.  101. ••!.,. «l. ,♦»•.. il/.ttf, .!•/., 

i.nt.f  *i/i..  •«»•••«»!> *|ii..*  to*  r.!*;«.!;on, itvl 

0*1*  4/M0., >.,/!.. MO.,  14., •*..•/.<  •>..)..!. ./•)..(. .•/*.!. *•!../ 

/*).♦  f.  .  «.•*!..  !•».  |».  !«.,•«. *•».*••  II.. -1.  .-!.»/• 

»• I.. -II*.,, I I*. .I*//.. ••)/./ 

s-*t«  ■  i/w*c. «. v, •. v. r, t. >.i. o.s.j.i.a.t 

1*1 «  /•  ».  4.  V.  *.V, •-!./.  I.  t.t.*.  I.'.).!./.  0.1.  lil.  1*1,1. /.i./u.  0,1. 1 

1*0# 

o<"  *i/i./.>.4.i./,>,*.v,i  ».u/ ■>./•). /.),o./.i././*i./*o.i»i.i»o 
A*r*  *m'0^*.*i. I.**.*!. #w. 

/• •/,»*« i .)•• *./ •• v.«*o./*-i.i. /•-/./••), .4.1,0, i ,-» •>••/■/« 

. . I. */,/»*l. -4. . .  >*•/,/*•>. -4. 1*3, 1. // 

0*1*  iR|.a.MiM.IM,.|,|i|.(..|.t.W.tio.1.i.M0.}*M.I.*).> 
i  w«3. * t. 1. / o. - 1. -1.1*0/ 
W*I4*V.I,|446-M1  tM*4CO.|V4|V4««H*t,/»mVI9t/l 

•oi«*ci*u*c*iif  ii(»ic.9.iv«t>4«4)i.«./tii«vi«r;i*v!.m>>vvi»i 
C4i**c>*M*6-ii4iM*46*o.oo/mmniMMo.oi*o.oir4i)M/)/ 

IM*I 

U*i*»f 

D/«0*0 

0*0*0/ 

1  II  l-f  *1**  0*UCU|t»  C*  l*(  (Cl |*l  10 
I  */).4l//44-0..m0l/V*t«  II.  *♦!•*>  •  »/•('..  0  >:•!*•»> 

(•Mill 

iu«n.044**i44»i«ei 

u*jn.i04o«*i»>*t<i'«i.0MMit*t"0itiMiiai 

>1*6*4111 

*1  11  l»l  -14*  101**  440*11 1  -  ICull  10  (!•(( 

*1  *11*.  4/1*41.  II.  (/(•  11*51-1  l.0'*0l*0)*C0«>l/l 
M«0*«»1I 

•;*o.mno4*vo*M 

•  •ll.miM-lt.*OI|-4MOMI.OI*t->9l>N<rjl 
#*0*I*1 

CO  11  l-(  *1*4  UC464M04  0*  M  *004  l»9*  M  1V4 
<SM/»M"tni4iM 

co*i>a.rir*j»-ii.4ni«)i*i}*ii.-«i*»i*i>*r9ico/i 

co**«icoi 

CO  II  »-»  lONCUVOf  C»  IM  M*4  »V(1 40146  4001  6»  t-f  164 1 4  0**|l 

0*  i-f  ici  i*tic.  "0*  »-<  ■(***  »cw»4o«  o»  mi 

co/*o.di/ii)i///*ot 

(o*/i4.i**/»v*i/.oM(*)i*i/*i/.©Mii*n*ooi(o/) 

co*r*ieoi 

(4  M  1-4  6) 6“( l«  IC  *«*4  40V.IHC1  0«  l-f  104.  -(  *1V**5  **C*«  1-1 
*l*s  KuhOi  0*  0*11 
ui*o.m**nmoi 
ii*n«.»mii>i).oK*«i>i;'(oi(wi 
<1*0*1(11 

Ml*  I.  *011 191140*01 
M-m.*o)m*i*.*4(.*:.«,/.oo‘ciii 
f 1*0*161 l 

'flf*9.1/4«/o:*«**01 

61*11*  ',}i»M*<l>m!l>VI*OMMMi*DI*MI(IM 
'.•'.■fill 

641*0. 0*10«»ll«»ll.01 

'.4*m.i!m*44*»o©i64j» 

i4icm«i 

6V*o.oii4<4n«i*«*oi 

r>.l/5.*UI*»»4|.«ji6Wi 

61*0*1611 

*m*)>!0/.-l1)«10l*t.lO. /*!••/ 

«l/i*li). *it./n*r 
M1//,”11).*T 
•<i/M*l«l*o.*l 
MI?*»**W>.4t 
<0411*0  v«l‘" 


C-3  4 


1*1.  * 


1 1*6 1«» II ll*6* 
t  a*<\*i.ot***4ii»*H4ii«ii»6i» 

CO  4  1*1,10 

i*6*4lfll*M *. /Ill *6 1*4)1 1 1 *{041/ 

4  <4*'l*I.A|.»*tl||.|l4l*(l4l6lt 

C->  *  1*11.1* 

<*6**ll I i**l«4/l 1 1*6) 

*  <1*<*«I.0*»*44»»I»S»4I**»**6I» 

'V  •  1*11./* 

1*1.4*11  ll.*l  *4/11 1*64*4  )»  11*61 

*  ■' I  «(l  •  1 .01 't **111*1141  **1**611 
>'<,  I'  I*/)./* 

**6*«l«l»*U**/<|l*0v**Hll*CC 

I"  Cl *11*1- Of ■*•4111*1141** 1**6 1* 

-  1/  »•/*. 


min 


’•/MX 


,o»mii*w 


i/  <i»s*  *i.o* »***n i *ii4i **i **6ii 

<r>  i*  j*n.*/ 

ll4.l|(||*f(*l||||l(|ll||||*(14|l 

I*  f  1-tl  *1.01  *V*lil  l*C‘>ll**l**tol> 

Cv  IV  1*4). 14 

•  •<*•  |(tl**l*«/(M*6)  *1111*64 

1*  a*Cl*I.O(  -**tll»*<0SI«M»*6M 
tv.  I*  1*11.11 

*•<.*11 11**1  *4/111*61  •■1111*61 
I*  <t*<l*l.v(  •**1I||*<C-H**I»*6H 
••6l***6t«f*0(*)i6l 
i«4i*)*44.»*(i»«*n 
1»6|.4«M»61I 
•46/**4li*6/l 

. . . 

i«6*0«(i*6l 

<1  •Cl*l»M*’9./4l‘Cl»  I  M6II-0.0M*  114(1*61 1,  ).)»*(01C  146/ 1*1.  ||*)|4 
l<*»6/l*ll.*(/'9.9l**l|*ll4lit*»i.**6|***6ll 


1*< 


i*l(H 

11  '*1  .06  0*  t-l  <*0U1  ll(f«t 


00  it  1*11,11 

**(**!<  11**1**)  1 1 1*64**  II 1 1  *61 
n  in*m«UM*iiii*imiMuiii 
DO  )4  1*14.1) 

••6**i:il*H«</tli*6l 
|4  »n.»u*i.*i-»*iiti*(r*.i»*«*ici> 

M  I*  1*11.161 

*#i*«iiiim**riii*6)*iiiii*64 

i*  4n**n*i.M*i**iii*coii**imi) 

CO  21  |*|1*,||t 

*11*<ll  ll*H  *t/l  I  l*64**)lll*6) 

>1  «u*ln*l. •(***•<  ii*(01(/«M*(H 
00  )•  I *1 )••))» 
l»(*<llltill*i|i|l*»|*«Sl|IK6 
m  *n*«n*i.i««i.*ii)»(eiitsic*6i» 

tit*Ml*i.i|.(*i(8m,(4.j,(),|,llKitl|*(«.|HI*l*Ml 
t*  It  Tirf  Irtlu)  VICIO*.  40**11 11(0  IC  941  (Ittx  IM  **9iVl 
H/*ll9.0l**t*l 

i*  *»  Mil  10461(001  0*  01*16(1*  *U|UU»  (10*  f*l  <14 
IMW  01  0111 

.u,!Ji:{,m,,,,‘',«im*1"h»i**ih**i*»iii1ii.»hii 

IlMIKl 

S?  JJ  *,w,*'»04  14  ton*  lAvMIXf 

l*ll4l(0*C9t*0.I*l74|t4IJ»ll*COM*9.W«i*l|4(1*  II 

t!  II  1*1  *vfil|04  14  OHIOvill* 


*1  II  IM  (((((11104  14  1011*  1O46I1U0I 

M*i)(,m«*(,im.i|,|.|i 

•  U  It  t**«  MMtlO*  10  iitiiiu  10111  iMi'ud 

*41»(1*|*g*9».)0,*4<*11/0v 

•U*<l*l«l*»|»flU 

»»  II  1*(  U*»*l  Mi>t9U*«llk 

i»*m./io.*i.i9/m«,i/«* 

t»*0*llll 

'u.lliM.Hll!!.}?  ,|*1'  #0:M  °*  ,"'**  041-1  *04  I6VI4C. 


*it*0CIMll 

•(i**i(*ti*ii.eo/ririciii*m.i 

**1.0*11111 

ioi  ii  v  — *  ion*  iiutvoi 

16l»l*. l1.1»4*M4in. 1.  U»*1|4IH.64.6»I*1. 140.11414. *l.)*t»|.0  ,!• 
I1K0114*11*)*6|II 

(0*mtiti04  0*  1IT41  aic-r  11CI4II0*  140  oi(ii4*ri04 

Iio*(oiii90*it4(iui*ii4in*ii4iv’ai*(oiin 

C lb *16* 1 11. *.llc*l(oi 

ot<*m*iito/eioi 
(itt*(oi:ioi  i  *(oi<ii.  i/cio 

1)1 1*1(011 101 1*1(41*11 )*(0|l( 1*1141101 l*l|4i| I) /CIO 

cm  cmiomiiictia.u.iiit 

411*1, 114*11/ *1 
II I 111*)* 1)41. 10. 10 
4i  iiiiiiiii.mmiK 
10  644.1A*. 1*4 
<44  *4 1 1 6-1 1 
Mlv*4 
(«rt 


'*o.io)*ii*i**e.oii*)«*if*iTi*i« 


S  S’  *  cu’  *M|‘  •»«"  01UH1.I04  cno.  *40  mi*  ei(M  6»cmi 
(  01  0111*7*1(041  )-»l  »li;  Cl  |4t0  1  lit 

0lni41l»<  *111401. 01(11401 

(C**04  t. tl,IO.(*u. 0.01. 10. Mil, 0«.6-«, ***,<(. 0*.  1)1.1, lav 
r*u  •i*i«.j*ii/)mi.»«.*4imiiiii.i,i.(o/ 

1*  •  *151*1  **6*(  111*1**6*0. 1 H11414  H*1./l  11*1 101/ 1 

*01*46 1  *1  **6- 1 II I  «l  416*0. 11*1  l4liH*a. /in  n  I*,/ 1*1)  ,}<))  fifi  )| 

oau*6i*(**6*ii*  i  mtc*o.*o/i  in  ;m  1 1  *1*0.01  *o,ci  I4D/1/1/ 
cou«6i*M4*«iiiiiu*o*o.oo/nm/*ni*no.oi 

/i  *(*ei/.ioi  u. i-t.i-14. in. io.|4,ii 

10  IO***tll/(*l/,AI.I/,t(,l/,|l,li.).1(.|),|l.|/a|lt|)a)| 
IMI0U0.40.il 

11  *»lllO>1t*(|M«|4(4/»0.*1IC/)400.UI}. 

C(Clll1-4)*lt0*l-/*0. *11/1400. I 

CO  to  /) 

*0  Mtoi/dOl  IO,)a,|l*.|K*.t»|4,l((,lt 

10  •64-4MI/.|a.|/.l«.|4,|4,|/,|il|/,|(,/..|,|l,W 
IMIOIIOv.41.V1 

I*  llll|t|)ll,I|,|» 

*0  IMI1*tOU1./1./1 

11  B«ifii/,rei 
■0  »0***I(/I 

60  10  40 

tl  -**|-**|M|4/*0.*ll(/)40«. 

cm  motiio.«-.i»«,i(.i/.i.i/i,t))i 

f*V*(— **|/.|//4, 

)**• 1/4 11/1/, 4))* )4l.)4//*| I 14* 11)0) ./4| 40/0. I 
riu*i). it*i/)*). /v 
1*1/1/ 

1*4*101/1/ 

ii*-* 

0*1.  *1/1*1 
01*1*1/ 

I4M  |*».  14)01/100. 

Oil  (i-l- 
11110*10)44.10.10 
#•)  CI*C*l**lltl>1ll 
61*0* IOICIIIO.41 I 
C/*tl/)04./V0*l.  u*.  10.101  »•(»■ 

(*CI*0.  Ml  *|  **(*•!• 
t4l*lt/004,*f /.6,1V 1*10.10)1 *|f.0.*2»*(**(«.0.0*/.(v*(« .(f|*ia 
1C* .(01 1 1-1 >*1141 64 1*1,41 l-f ).(01l6l)*(01l64.(f I 
(61*104 1 1 1.0*161 *160 1 
Oil  CvtBI  161.(61  >W,6M 
l***t01«C*l»)l4IC*»C()/(6# 

(*4.|/Cl|1H||.10)l61)>(01IC**(II-ll4lt-lt*ll4|C»ll/(O 
C*1«  661011*4, (-*,u.f *6) 

6».l»6*l 

<*••*(6*1 

l**O.0)/)4*0.00ll«*tAvl*l*,0*lt 
14*  I/O. 044l>0. OOIV*MU)*14 
C**/0.4l**(01l*Ul*C01l(l*l* 

(0**/9.4l»*l|4l *111*1* 

*••01 

C**(S4«t*g*Vl4t( 1*0*1 
6**I44I«/C») 

«*ilMI(/((l 

)l*li»ll«*((tl(l(«*l 

11*6*114(11/(011(1 

'*6*1/114161 

1— C/1141-1 

01*114.6*1 

9i*COU6*l 

01*1141611 

C  %  *(01 1  CM 

Cl*lt4l6*(o 

<•*(0116*01 

6)*ll44-*6tl 

ei*cc*i-)6*i 

64*01/64 

eio*i"*of'04 

r*(*1f.l6*(l*94.Q|A.ii*i<*CA*e)  v.1*1i*'.6*'Ovi6i*;/*0)t)C*ie*6)*64 
I* S)*C1*)<* )6*3/« (6*0* *C**l-*0l *610*16* l-*ll4t6*-</*64 i <bi* 16*1 1*61 
.  *^®,JS*^;'",,,;*c>!*,!®*;J,,W»«'«®*'**»*i6.tOU6l*0l-0.<. 16*16*81 
i*ei*oi.o.i*i— i-*Qt*or«ei*i-*)-.s(*6(*ii*;«*iN*ii*6**(omi*oi>)i 

/•||*01*64*11«61*0I0 

CKttltl 

)l(*(l>t» 

IM«**-6*)I1.40,1C 

•1  *1**4 *1*1,)/** 11 11/ 

10  <*«*M1*Ct 
16*0.0 
"IvC.O 
♦i  eie*«9u«i 
6-4*4616-*) 

10*40110) 

—  ♦*40l-»  1 1 

**ti(i/. ie«i  t.eic,(-*.so.-»i 

100  '0*«ill/,IUlM«.,i|,|i|||,),|i|| 

60  to  4/ 

101  cm  (oar 

(40 
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PROGRAM  LUNE 

Subroutines  QU40,  JULDT 


«i nn,«i mi itii.iit  imii 
I®!*****6*  *UllH»W  71* 

iSnl>l!nMi"*'Kw«5»»ln,,,HM' . 

7U, 40. ).|t.,-|4,.t.i,|),/.0. 10,4.0/ 

0*f^  *40*.»lOI«ii4C«/;«» ).  0.>70,  *  10. -11,4*0,  )•«{*,  10, 0,.|.O.7O»- 1 
Iti4.0,7.0,*7,l).q,t,t4*0a)0,797.-/07.7*0«707.'7Q/,IO./07 ,4*0. 

i*o.t .-i,)it/.i,7*o. )*i,o, 7. s, 7,7*0.; •)•- 1.40/ 

M.-I.J.U.-/. 1  *0,7.  C.  )•»./.  -|,7.  jc.'O. 7**l«,4.  0.7--  I 

77.1*1  .1,4*0/ 

041*  -i.)*-i,7*/.i.i./«o..'*i.o.4*/,  i.?,?, 

I/*-/. ;i* c.i.« ■  •  I  ,*i  ,7< )£•* i  ;««■; 

/.-)■/•/. **i4.«*o/ 

1  iM9«0  -i, -1.  (JO.  707. -707. 0.707. *707,  70. 70>t -707010/ 
t «r*  ■iw,‘im/i.*?1o./».7,c,j..»io..j,;*7. >»o.-i.7.o,),**o,i 
14, 7*0, O./,-?. 7, -4. 7*0. 14, *70,11,-11,). .7, 4,  I.-  I.17.-I7. 

1.7.  *.7. 1C  7.4,1. 1.1,0. I, 4, 1.7, I 1*1/ 

0*>*  7*4, I, I, *,|t 4, «.4, I, I, 1,). t,7, ft, I 

l4Wit.«.7i).M,r.M,t>|l7,llt,|IMl)a4,),4>|,ltM,),',7/ 

C*IA  -I /■  0,17*1 .7< 7.4.),* ,4, 7*0,  )*  1.4*0. I 7*1 ,1.7.7*). ?•*. 7 -0.7*1 . 

fl*J»  -7/ JO.)*  1, 7. 1.-7. )*-J  ,).o.  1.1.7, J,  7.-*.). 0.1, 1, -1-7*0, 1, 7*0 

1 .1.7. - 1 . 1. 7. 7*0.7*1,7*7.40. 7*1.7  ••  1.7*7. 7> -7.  >*0.7*  1,7*- 1 .40, 4*  I 
7,7.0. 1*1. 7.1. *7.7*- 1 .)»0. 1* 1.7. 1.-7. -1,10. 1.?,- 1.10. 1,7*0. 4,|,)» 
1*U7. 7/ 

C*1A  » I/O, 7. 4, *7, 0.7. )*0.-7,0,7,*7.'3,7.*7> C.7«4»0,*7,0,/»4*Q,7,0*0 
1*1 • l#l • *1.) ,*l. ),),7*-|,-),l.*|.| I .0,1 *-l«I ."1.1 
7i*liIi*..l«*ttl«4l,9.7,*7,O,7tl*0i<7i0t*7i9.7,*7.(.I.4*0,a7.0i{*i* 
>0,*/,r.7.1»*0/ 

0*1*  -A# 7»4»0. -4, -7.0. -7,0. 7. -4, -7. *1.0. 7. *.*7.7. *4. *4. -4,-1.. 7.-1 
1 ,C.1 . 7.4 -7. C  l.7.-*.-7.O.-7.0.7.-*.-4,-*.-7.-l.O.l  ,7.4.- 
77.-*»-/.0,7.-7.0«7,*7 ,(',7,0.-7.3.-7.7,0.7**7. 1 .70,-7/ 

0*1*  J>a/719*O.I, 1.4.*,. 4,- ). -7,-1, 0.7. 0.7. *4. •*.-), *7, *1,0. 1.7.).' 
l»*7»f  « ‘4, -7.0,7 .7. -7.0, 7.0, 7, “4,- >»-7 ,0, 1 ,7  ,4, -7, *1 •0.7,*4«*4.-),* 
7l.l,,,*.*,-4,>k',al,0,.7.0,7,*4,*4,*),-7,0,l.7,4,  H 
0*1*  **4/|44«0.7,0.*l,*7,*4,7,0.*7.*4,>*,0,*7.0, •.•,7.0.*7.*4»7.O,7, 
10.7. 0.-7, 7. 0.-7, 0,-7. 0,*. -7/ 

0*1*  4*/ | 2**0. 4, 7 ,1 *-l , *7.*). *4, 7.0. *7. 7* 1 •0,*7»*,'.4,7» 1.0, *7 »**.* 

17.7. *7,9i*7,4,7il,0tal,*7.*),»4,4,7,l,0,'li*7,*}  -4,7,Oi*7»7,l»0»* 
77, *4,7, 0, *7, -a, 7,0, *7. a. 7,0, )»*7, 7, *7, *4,0, *7, -*/ 

0*1*  »-*/ 74. 0. -7. -1. 0. 7. -4,. 7.0, 7. *t. *4, *1.-7. -I. 0.1. 7.* 7. *4, 
1.7,0,7,-4<7*-7.0.-6.'4,.7,.),v),7,0«*7.9.-7.7*0,*7.C,,(,/, *7.0,  NO, 
77. -7.0. *7/ 

0*1*  -4/40*0,-). -7  1.0,1.7.0.-*,-7.0,7**7.0,-4/ 

0*1*  *>4  /l. 7.), 4,*,-), -7, *1,0, 1. 7. 0, -7.7. -4, -7. -1. 0,1. 7.1. 4 ••  7,0 
1. *4. -7, 0. 7, 7»-7. 0, 7*7, •*,*), *7. *1,0, 1.7, 4, C, *4, *7, 0.7, •*»**,. ), *7. 
7*1, I, 7,4, -4, -7,0, 7,-7, *4/ 

0*1*  l*/l))'0,-v, 14, *•■), 14, 70.*)46,*, 1*17, -},7C.),*),),*I7, -/*.*> 
£.-10,11  I.4.-1.4, 7 W. 747,-1*01  •*4I,*I0M,-|**..*47»I*1.-I>4,»|C4,I* 
7, -41,-70/ 


n*i*  u/7iho.m.M,.7<7,).*i,*).*,i,t,in,.»,4)ii,.mMi,.|4o 
l.-l.-O.  1 7.  I  40. *17.1.*. 1,-17 ••*.-«, II  l,t 1.1.  *41. *14' >7,* 1. 1017, -7*. 
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1 7.  'lt*4,4ll,»*TI,0,  *14,-70,  J.‘),7*4.-7*,*4, 17,-*1  ,H,  17, 0,0, -70. 1 
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•A(A*G).<  *10*  I II  IM**C»0. 14414*44  11*4.73)10416771 
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£07*0. £>7*1)4777*0) 

CC>74*. 11)7 )}*!/. till  *>!•! **17.01  -t)*lt'C0K07l 
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£(•0*7(17 
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(•1*91 
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10*1.0 
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10*1.0 
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00  1)0  3*1.7 
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1(01011 
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10*1.0 
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1711-104)1 40, I)), 1)4 
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|40  »»i *(l)*|0*(OI*A*l*<*£)l 

tie  coNiiM-t 

(0  140  3*1.7) 

**6«n'  Cll3)*ll*n|C7l3>*C0.»l0>l7I.C0>*((>4(  JM.,( '"iCM  31  *(f  «*(  Co  3 ' 
l*v.*n3ll3l*£CNll 

aC»M*iC> 

1*0  "fn*>'0»»niC*l3»*llNI**6l.*l04l3l*Cnll»»C.I 
nfn.Hf n*0,440l044*( • I 
I*  1C  *0*7  7740 1*  II  NIC*  I  ***■)) 

(»10.)Q«lll,0*l»!C*!"10l 
C*ll  Ou*‘-l*“40.C>‘4n.y.iC*'l 
*11*0-400 

)-0*CO;i0(ln)*l|N|«|U*l|NI(l*l|*)IMI->*CO4l(l 
£-0*40471 1.0-1-0*4*01 
0*  •*!*■»(  4-0/ £-0) 

(M**C04lK1-l*C0ll*U)/C-C 

4-*«*l(OllMin)*llNini)*lOll(l*llM0(7-t'llV(  ll/C-0 
£*U  0v*Cl 4-** •£-**.(/,(*-) 

|f (***•*!■) 1*4, 170,110 
1*4  •**••**»*, 70M04) 77 
1  TO  6n*«. •«».«*■ 

C-.OOIO-I 
C-4-*O0l£nl-f 
4C— •CUC-I 

4*17(17,110)  ». 0». £*•*•. SC-.»0» 

IOO  fCf-*fl/,  ><  (IT.  1C,  I  0,71  (17. 4.1  Ml 
60  70  )0 

it)  cm  (in 

(NO 


^’•'■O'/^s,  *^— "  '-w/wwm'r  <  K/tfi 


PROGRAM  CELPS 

S'bffutmes  JUi.OT,  TIME,  QUAD.  XYC,  PfXY,  1N10P 


*sc/-siO-iv**4.o*i:)»»c*s 

t»-**«4.S|*A-»StM*»-G)»/C0SU461ll 

<-M-COl(*sC/t 

t*Ct«Sls,AsC,7» 

«ttU«N 

ISC 


MlS*'>vH*l  t»M*U,'r,0-U,U"IN.lAfO.*l»".l')SO.UC-l 
o*5a  •  k*i,f4/*(.7*s7mm. ).i*is*7a»>9.*»*4.«is*/ 

;  r  — •Hj-H-'U*|s<*(?.* 

»i>ti)cet|i>iii<yii/t4 

ttltMltX 

»i  4N.*ftSttit«*.|,MDI-40.f -O.COS 
■10«<(»»U>){V/IK! 

iund-hc* 

»lO«*AHVl?UO*«-lOSOt-AC<.l*O.Oes 
4* loss 
I  SC1 

sumo*  mu  i i-MOj.ir.i,-. i*«.i»*i 
'W*SION  -Pll/t 

•c/i.  17. *0.91,121. 1*7.1*2.21 os.m/ 

2-0* 

*  tj.ij'l**/*. 0>0.4 

uo  «o  io 

10  t*  »i  j 

it  imiwuso/o.s 
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h*.  j  i  ;.«♦ « mi  j»  o-o.oi 
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l»*-f  J/HS. 74*1900 

(0-1*  HI  I  Jl-lfl  1<  I  iV*»t<)OOI«US./VO..'M 

»*l|f  |i|*«t-**l)0,7S.»0 
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»0  DO  4*  »•!.»> 
l"-t>-N 

IMI**^Oihi»0 

11  H-0 

*o 

SS  COstlsOI 
SO 
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/so 
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07-SIS(*l.M-»*&» 
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DO  44 
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N-SH 
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*0 
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IMIwilO.IS.lt 
49  OK  !Hw  1  *|0  *0K<M  1/40. 

CO  10  T> 

SS  0ICISil*|O*0(ClM»/A3. 

CO  10  (> 

40  It-IB** 

AS  •(  *017. 101  If  ISU.O'C'SI  I, ChAIM  l.*0. •♦(* 

TO  f  OIMAII  msr.io.tn  |7‘(  17.4.1*1 1 

TS  Al A t *Yl A 
»10S**10 

tC*IO.SSStSl« 1 1 tf-)2l 
IMIf*70IIS.O.IO 
•  0  If  I •7*401 AS, AS. SO 
AS  Bf •»/•(. S004* 

90  Bf*Bf*0.59j4499*T 
9t  M ••(•**. 4COOSOI 

AlT(Sl)*|AD*l AN/40. * ASC/ t *00. 

AMINlt>|A(0*IAlN/A0.*A(S/)A00. 

00  100  1-1.4 
100  SCI*Sl.l»*SH It 
«|f«-P.O 
o;-cosi2*AiAt«ot 

CA*0.99in4-IO.»02Aj4l*OI*IA.O(*Al*OI«OI>l7.0(*/l*H 

It-tC*2?J 

mic;no.;o4.ios 

lot  71*1171 1  <Al4t. 401/1*1  •2A.AMtT*l0.'IA99047t*,7l *tA I 
CO  TO  *|t 

110  M*(*»*U-4477.99)/l*»*l».St2»0»l0.ll0(414(-t>-lNl 
NVM-I  i  .0*I0.00020I4)*4>.41 1/ 1 1.0*  10.00070*4  t-P|  1 
114  CO  170  1*1.) 

(■♦AO.  •  Alt  I  SI  !*•((• 

n -Sis 1 2 *01 /COS 1 2*01 
7(rA*IATASIO. 1424(4*1/11/7 

oi-tsismrti/cosiictAit**/ 

02-01*01 
0I-CI-07 
04-07-Q2 
04 *31-04 

MSI -10.0149*44 l -II.O-iO. I )•*!• I *01- 10.274410 l -02-10*7 *S4? I t*OI-»«(. 
1 1911401*04-10.1 10*22 1 *04)  ..  ..  .......  „ 

Cl  •!.  C00*7  (♦  I*  I  (I9lAI-01't0.240A(SI -07 » 10. 71007 1-0)- 10.1104495  *0* 
A* l.P0047(* 10. 01 A (0* 1-01-10.074*01 1 -07»l0.0?)-0)l-0) 
mil  l-O-IO.OOJATOl-H.  JIM/ II. 0-10. 00)4(01 -TO  I—  Cl 
Bf-I»A/I(4l.41ll-*A 
120  Iff A-CA-0St-T2-tt»Bf -MY*f 
«M|M.M 

sn-sn  *m 

l*IUU)O.I24.l)4 
124  SO-). » 

1)0  SO-* JO 

1)4  AlTISi  |.AI?I*ii.MM-S'»»hH-CCSIAIMMII-OI 
IMM-II.  *4, 144,140 
1*0  AlTISU-AltlSll*SO 
144  CO  (0  IS 


JflCO,’Ul  CEIPS  Ccninjed 


»»  *■***«  KOI 

•«•-  u<% 

ic*i 

II  t«  1*1 

[}{  'Ji*  lqr»ltUt1ilM|tl|ll,lH(ll,V«lli^|k.MiMI 


III  M|«l 

»  m  IMM 
•  I*!I*IHIIIIM 
IKIIlMdlfil 
C«KGI.M>lll(»l 

ci<ii«ftnii<ii 

*-•  ttllll **.»» 

4  mt'IMIIKillMM  I 


♦'•••Ml/** 

•  *-lte*«-*i.*e0tl/44 

-II  *¥*4lll.«|*.*.4|»tlll 
ll  •'tll|l-J.9f9mt,(44.ll4 


If*  *U  ,r4lln 

umiiimm  ninii 
IIIHmillH.IM.III 
n»  »iiui.,M.*n,ii 
in  iutiiMiiimi*i 
44*lMII«.etl*MI 
uu  *H«III.»«,I,|||II||| 


mbejmt.m.nt 
IN  OlltlltM).* 
OlW.’m.t 


1*9  I^f.1 
IlMil 

hiiih.* 
m  m  m.h 

0*l*(tl*lflll 
m  mienti  ei>i  •  i  r 

lllilll/M 

MIIHKillltll 

i»i*»int.»«»«Hii 

I19-|ll(*l 

Mimi.mi  MMtn 

141  •  0-»ill/,‘lCtl1HI»1  •*t|li|>.«  •IK'H'.tM.'HH  •  •,»(  ./.!«.«( 

IW  MOlKliU  (41IHH0H  -  licit  IKIIMMII.'IKk  •  *,*#  /./ 

;/iiii'i«i|l>il,eii>,!<l,*«'a>'i>iii(iIii1i.>4tii‘.)il|itii  't 

W,*I,*I||*M>-II-|  I.ilail|lt'lttlMll>lWl>  ,•(»•*• 


CO  lie  |*|(*i 

in  min 

Mtcmiiii 

m*lltllMIIMII»MH.I 
l(l>  4(111 

C<(«-  llllMCIlei00l»4O.9.t,4O4t 
IH4MIII 

oi*in*ito<ii*t.o» 

C«iS  IIMII*IM..».I».|I*.I«*I 

II*  «3|1|tt.im  l.l».l-.|t4.l-4.|l4,HC.t.*.MC-.l(4,l— .!t(».ltt.I(t 
Itn.tic in. iKtc.;i.;>i. ii.o*  *iu 
IIS  *t!-4'<D.lt.14.t4.H,t1.»‘,t4.1.lt.»>*.’*.l.l*.e  .»*.).. *.•-•.* 
|l)li«l<il.|lillilll<M.tl 
t<IN*limiM(iIM 
II*  ••CCI.I.M 

IIS  IOlMlC/.alla'«IIM«  lOI'./lf/l 
CO  I*  I** 

ii«  •timt.im 

m  it»im//<  iMi*uct»ue.ii.M*tii*M*.4».*»(»*«ii4*e.**,*ii>*>i 
l((*C 
ti»i-*el 
r*  i*t  im.mm 

CC  I**  ••Cl.lt 
KCHOI 

(*U  Mill  1 1  IUI..I2C(l.9«Ii. W-I4.lt  t.HI.IIC.HOI 

cm  iim ii* iiiici.i».i».m.i"bi 
1*0  •mimmiii  ic'u.-.iti.n*.iif.HO.e> 
i«i  »i*»iiiiiia>  m  if. mi 

Hibcii:««.m.m 

110  4CM«a»l 
•tiriiimi 

111  *vMilc//aliai|l|l«ai>a|I.MMIiU(l|0*1'.Ni'l(l|liiM<aNi*IM 

II  fary«  *.«i . ->b«lwf.1.i.*ll»**l 


eo  lit  iti-i,* 
i*i*l 

bi*iiiiiiHi».iji't«mi*/».* 

cm  mituc  miiKiiii.vniai«i4>iiiafi<ilifiMii 

cm  n«i»i.i».i*ain.i*4i 

••111*1.1(01  Itilii.iilllCliilllilltilClti^N 

:»•  rm-tim.il. ii*. m:**  vm.iii.h.i.ih 


in  i-i*i 

ii*  .ntiii.mi 

in  fH<iii///.ii.'iiwiit  »«o  unHii-i 
Cm  tiMII'I.IO.Ja.I't.lHai 
It*  Hi.inii*i.««n 

Ht>»l|llll*l|.||lli«Ml.e.M1 
uottnoi**  wt 
iic*tic.mObriei*t*.li*i.Mi 
lt«*9*I.C* 
iiiiciiii«.h«.m 
1*1  H.imiiMHIIClFMMil 
*911(11. 1401 

||*  *CHtllll.*IIMI,ilii,ll'>.<ii'i4*)>li*i|W<«)li,<4t*l.llillvtmn 
||i,1i.>t0^lli«('.ll.'l|IM!«.)l.  »f»,*I.»lltl|*l*.II.»MM*«|*,* 

II..CV*tt|(MI-*t|.| 

4*11(11,1991  >ltl0.l*illliM.I(l.ntiUOil|0.lllll.tlillM  .6* 

ill  ro*«iiiii.ii.i*.i*.ti.ilia«*.n.( 

in*. i» 

ICC-* 

M  >1*  l-l.l 
00  II* 

I«*I(C*I 
UIICI-O.O 
CO  II*  •-■••( 

*CI I 1-11*101(1*1*01 
ICIII-COHMC  1*1*11  *(0llt-*l*l  *•! 

*(lll»(O*ICI(l*l*0l*tl*l(-4l*l'9l 

*CI*I-II*I*|II*I*BI 

no  >ciic(i«mtcci*tct(,**(iM 
m  co*ii*tn 
no  co*ii>m 

cit*i«ii*ii:ui*i(iii'i(iii*i(i*»i*mii«iitiii>«(ut'i(iii*icui 

|I>ICIII<IKI(|ii(I4I>i:i|I<iCI1M 

•i  ll.iui  4  mKu:4«(iii*ici4|4t:iiii.i(iii  .ii(«  i  iiicii  1*1(1*141(1 
i*ii>iciiitii(in«ici»ui(itm(i«iii/cii 

•i)t4ii(iii4i>cut*i(iti*icifHfmimti4i«ii<i!i4i(i3mc(*iii(« 

ltmKiiMinilmcivmdrmciiin/cd 

lll|4|  *C  111*1  *t  1*1*  »t  !*>•  IC  HI*  It  I*ll4l(  111*11(1114  *(HI**C  111*  1(1 
i*M*i((4i*ii(iim(i*i*i(m*i(iiin/Mi 
(••4«m*lt||l/lt0*l  III>»III**l||4t.|IMI 
t*n  ovioiioi.nif.  ii 
IMCe|»*l)H.H3.)l 
m  ci-ti-m 

m  UNCCMNI 

(r*MIII(T*(*ll*»0.0l40.MI 

IMKin.tM* 

<■•mmeiNeit.tm.eoi 
■nun. mi  i*a.(i. im.ci 

III  fCIMIIII.'llllt  lovlllt  *0111104’. mi.l*.lb*. •*. II. /» 
i  -  i*m*!ii4i.Mi.nt 

K»  .•11111,11*1  I*.  I*.  |*l,  1-4  .It  |  ,TI  I.HO.HO.mtl.bt 

no  romun.'i.n.*  #.*>.i>.iu*,it.n.’  t-e  >,111.1,11, . . 

l.'UINf" 

CO  10  I# 

it*  i*imiii»oi  i t.i*. i *•  1 1 >4. hi. *(1.1  (o.i io.mil.*! 

it*  *o«4nm. i>. n. •  o.o’.n.(ii4.«*.ii,<  ei—.ni.i.n,*  *,*•! 

0  10  l» 

*4*  »*  HI  If  .Iff  I  ll.l■.ll•■l-«.ll4.T14.ll0.■lO.mM.>K.I6 

ii*  *o«4imitn.tf.*  *. •••!*. in*. i«. ti. •  t*i«4i m. i. ii, m. ii 

CaJ  It  I* 

m  iwst 

CO  10  I* 

n»  cm  tm 


IVO  0*1*  tun  •  llflil  Ml*  Wt»  1*0  hK'l»  •HHlIdl 
it  ♦»  i*«»  m  **  *».•  i  ♦  »  «*>•  »'  •*  •*•*  '*'* 

1*  *1  m?  •*  II  *1.*  »»  »*  *»  I”  »  *♦.*•  'll  •*.* 

i«  n  it*/  o*  i*  w.i  i»  n  ))  n«*  *•  w  *<<•  M>’* 

i*  •>  j**»  e*t  v-  n.t  >*  »i  ii  in*  »*  •»  w*M  •** 


in.*  •i*n 
Mtll  tociti 
IIM  MW«4 


'UJiKW!.' Wm.!!.!!.!' ‘ii  T.s«  J 


ii  ii  mi  i*  n  n.t  i  t*  io  w.i  »i  i* i! 
•»iMt*im»i  M  o.iitmoitii  oi  *‘i»»m mi  *- 
II  II  1*4  II  **  U.O  I  M  *1  **.l  5*1  O*  I**1  »*. 4*  *11  IM  ' 

MfMiiimi  h  •./•oitmoii  #i  o.nmnim  ij 

n  ii  mi  ii  ii  i*. i  1 1*  *i  ti.e  m  :♦  'i'.IJ;!. 

1.II4IIIMII  *0  t.|**«l4*M4l  (1  0.1*11111*1*1  01  C.1MIM 
l*  II  ittl  I*  31  *1.1  I  I*  I*  14.1  l»*  »»  M.tC  *»l  *••»  1 
i.imutiin  *t  o./*#toi***4i  v  i.MintWMi  *i  o.moi* 


•  It*.*  tl  M» 

*4  .  t* 

■  lit.*  U  »W) 

M  Ml**tl  M 

•  It*.*  tl  -CO* 

o*  o.mrn  «* 

•it*.*  tt  *«-» 

oe  i.tmii  •• 


t tOC  HU  lilU  •  1*1*  HI* 


tltUtlt*  I*  *4 

*i  Iff*  II  •* 

mil*  ii  «i 

UUUIl  II  *4 

HWIIII  I*  4* 

•(tilt  It  *• 

WIHvl  I*  »* 

11(1*1*11  II  It 

ttinuvt*  ii  «• 

(llltll  II  ■« 

MM*  I*  •* 

HbMU  I|  •* 


—  1*144  M  4* 

Mum  II  ii 

I*0C  *0*  tl  *t 

ll|l|4l(«4  II  ft 

•  UWVt  tk  II 

(*— !#*I  It  II 


Ux»4  II  II 

I  iNllt  II  t* 

ttMIt  |1  II 

UWl  *»  *• 

*  «H*(|  41  II 

•(Mil  |*I*  4|  II 

lit!  II*  4 1  *t 

(  tl*«  4t  II 


•  tt-l-44tf-  44  *4 

•  c*- iim-i  4i  •• 

»  UllkMI  4*  #4 


Ml  lf/4-IMI 
Mt  telftl.l* 
«(  4t  •  11*41.11 
MC  Iftl  4*. ft 
He  »•••  ti.il 

MC  1-44. 4t.fl 

HC  It.ffK.ll 
MC  *•1**11.  *1 

c«t  r*/»*tf.4( 

Mt  4*-*4-**.C4 
Ml  *4*14*01. 11 
M(  |4«tt»0t.l* 
Ml  4f4l.lt.44 
MC  l»«|4«0l.lt 
►ft  tl»(t»l».tl 
Mt  •*  M*4|»4* 
MC  I**«»'l*.6» 
(It  >4*ll'lt.t* 
m  i4>i4.|».n 
Uk  1*tl**l.|4 
fit  4t*t|.(t.l4 
M(  iecf4i.ii 

Mt  well. (I 
wt  iett.4i.ti 
tit  iei.'***.tk 

MC  14*11*44. 4t 
MC  lf<««.|».M 
Ml  lfleil.4* 
Mt  lf•ir••l.l• 
MC  i»*4f*4*.tl 

mi  *e»t*t/.4* 

nt  4fCett.li 
CM  4ftf*C.*« 
Mt  lf*t4*l.*4 
MC  ll*ct*2t..l 
MC  il**rt.|i,i» 
mc  iett.ti.ct 


i*  oi  n»r  «i  **  it,*  r  •  it  **.*  in  it  «i.o  io.io  •  1 1  n.t  >ift.t  >iv,i 

MfCi.i  ien.*  uni  »»***  • 

1*  Cl  lt*r  «*  |*  IM  ’»  |»  *|  44,1  111  ii  n. *  to. io  -a  II. I  -Ift.t  MuMI* 

•.tfi/mmi  oo  i.imttMii  oi  o.iM**n*tff  m  «.*mc«i  oo  o.ccoctr  *o 

II  01  Itll  01  It  >4.1  I*  II  II  tl.t  •«  tl  *r.)  tt.K  ‘it  f.t  <111.1  4<C»v»vl 
•  •if! (4 1414 1  •  tt  *.t*lt*4«MM  1  O.I04(M*m«  Cl  0.IHMI  t*  '.i.'MOt  <n. 

i*  oi  it*r  •»  1*  io.*  i*  n  ii  v  *  /•  *»  10.0  »*.io  -n  -m.*  «e.« 
t.*iii**nei  *•  *.;if*nmti  oi  i,<u»ni.iu  «i  o.**««ot  *o  *.«»>-«  oo 
i*  *i  mi  it  *t  t*.i  *  a  ii  tt.*  .  io.ii  *n  f * . •  <m.t  vt  4*4 


ii  oi  m*  ii  ii  n.t  i*  >*  **  n.t  n  *i  t*.»  n.n 
•.**«4tf4/;*i  **  o./4«mn*M  oi  4.11*4.111111  oi 

»»  ci  »•*•  ii  to  •%*  io  ti  i*  tl.t  >o»  tk  ki.t  t«.ir 
t.MMtmin  •«  c.ktmttiin  ♦*  *.nikki4*ni  u 

1*  *1  1*4*  tl  40  tt.*  ||  1*  II  II. |  1*4  *1  I*. I  19.11 

*.it***f f:*ii  Ov  *.ttii(*4*4M  oi  o.minntn  o 
i*  oi  to**  ii  *t  ii.*  ii  *  io  ii.i  m  •*  o».o  to. n 
*.4M*tfif»n  co  *.**4k»t!*r*«  ti  o.imr*niu  «t 


if  *1.1  -114.1  41»-«I4(I 

0. *40044  *♦  0.000044  1* 

•n  4i.i  .it*. i  (tfiut 
C.04CCCI  CO  4.404104  *0 
II  *I-P  *114.1  iklvl- 
4. *404*1  44  *'.404<4(  44 
II  *1.1  >111.1  414410 
•  .44*4*4  tf>  *.0*0441  *9 


i#  oi  i«*o  ••  it  ti.*  -i  c  n  ii.* 
o.iiiiirtMU  •*  i.iiiiftutfi  oi 
it  o  nt*  i*  i*  n.o  »i  •  *»  ti.o 

*.4titiir»iti  •*  o.nmitiifi  oi 
it  tt  1*11  It  II  II.*  * |  4  tl  04.0 
c,**i%imiM  *4  «.U4»i4*ri4*  oi 
>•  oi  m«  it  it  to.*  -i  i*  44  ii.* 
o.i*i*i»mii  44  i.unuiuff  oi 

1*  *1  | 41*  1|  II  |*.t  -|  ||  00  (9.0 

MlUfHtllf  to  0,1144444(1(9  *| 

it  tt  nt*  ii  it  *i,o  >i  i*  ti  ti.o 

*.Mt*!«04tn  to  o.mtiim.1  4i 


14  4*  14.0  tf.ll 

o.iminmr  oi 

.4  4 1  44.0  Mali 

*.l>4*#lf l«1f  *1 

i*  u  u.o  n.n 
o.irnranm  ei 
II  04  *(.«  !*.)* 
O.IItl44*»*f|  oi 
4*  1»  tl.O  19.14 

o.imnmti  oi 

4*  |*  44.0  l*.l* 
*.|4«MV4lt«  01 


•10  II.I  4111.1  U  Wk 

o.iiiin  o*  o.eitre*! 
■n  *1.1  -ni.t  tt  lv* 
o.itmr  *o  4,144411  *oi 
•It  01.1  -IIM  r.  im 
0.14*111  «J  0.|4k>4(*01 
;•  *i.i  >m.4  u  tv* 
0.14MII  M  O.tkktiet! 
‘1*  ii.i  -HM  it  tvt 
o.itrm  co  o.ikktteoi 

■10  H.l  >111..  tt  tv 
C.ltlKI  00  O.lkkVfO! 


10  *1  1410  00  II  !*.•  14  n  *4  04.*  tn  It  (4.*  14.10 

t.!t!l*)c«iii  o*  t.Mf***it»M  oi  o.inimnn  oi 
io  oi  ion  o*  i*  •>.*  i*  **  o*  n.o  io*  i*  n.o  io.io 
*.f*n*(*iifi  *o  *.4tiif**«fM  *1  *.w*tio;om  ei 
i*  oi  in*  t*  n  n.»  n  ti  ii  t*.o  to  l*  it.o  io.io 

0.I01I4M44M  OO  t.*«kt4tlll*«  #1  4.4*l*!44t*M  OI 
14  41  |4f0  44  14  14.0  l«  4*  II  9t.9  1*4  19  14.*  19,14 
4.141**14*4*1  CO  -. *1*1*1*1111  •(  -.1*141111(41  *1 


•  I  94.1  >111.4  lid 
C.MCNI  t0  3,  tOOt  41  *4 
’41  14.1  >114.4  M*I4 
9.44C49*  44  O.Wd  44 

*1  *4.1  >1.4.4  it*  |p 

4- 4440*1  "■  0.M%  U  00 

•41  *4.1  >lt*,4  C44|  t* 

4.044C4I  0C  4.C«0«t«  40 


Cll»t  0*1*  (4114  >  tl*(||  0*14  Mt*  4*0  ilikUt 


14  01  14*1  *4  4*  It, 9  1  «  *!  *<.#  Ill  *1  41.0  14.10  >11  M.t  *1 

lie*l.l  ieif.1  1(94.1 

i*  oi  mi  0*  to  ti.o  il  i*  ti  n.t  in  ii  n.o  io.io  >n  r*.i  >i 

#.*»(14lr  Ml  tt  4.11111*04*11  #1  4.!0*4||**l»  PI  0.449491  . 

i*  oi  1**1 .  *  •*  i*. i  I*  ii  n  n.t  *4  ti  *i.o  io.*#  >n  »*.*  >i 

o.*iii*i«44n  v.  e.i«n949iiii  oi  o.ionietior  m  o.ocnof  < 
14  01  1*4?  0*  I*  19.0  14  II  II  ll.t  14  *1  14.*  I  *C  (I  ft. I  -I 
o.*rn*4iinf  co  o.iiMnmot  ci  o.*n*4oi*iii  *•  r.*4ooo<  i 
14  01  1**1  I  *  41  tc.i  *  n  it  n.t  *  >o,n  *<  II.I  >1 

o.tmnifMt  io  o.i*4i!#ii4M  oi  o.ititinfiM  oi  :.f  r*4ii  i 
1*  1  14*1  *.0  *01*  >1  to. lent  II. 01  I*. 41  t  0.‘ 

ir  ii  I**?  I*  n  .tie  i*  it.i  m  *0  n.t  >».*>  >i*  *0.1 
o.*mir*fi4(  ot  9.1  i44*mo*4  #/  o.tnimtfti  ci  i.mtti 
1?  II  1441  II  >«  14  •  I  I*  9*  **.:  #41  4*  14.1  f#.4%  >l|  II.I  > 
0,4141*41  Ini  00  9.149l,*t>4t(  tl  0.III4441MM  9-  0.(1*411  < 

if  ii  I**?  ii  I*  i*,r  i  I*  4i  n.o  nt  i*  t*.o  tent  >n  (o.i 

0.4141414441*  CO  #.(IC«)»*»C»l  #1  0.|4tft|f4l*(  01  4.114**1  . 
II  II  14*1  14  01  *?.»  1  11  1*  I*. I  114  »  l*,4  l*.*t  >l|  40.1 

0.41411141*21  30  0. (**10119*41  0/  0.!0MI4l!lt(  01  C.IUIII  . 
II  II  1*11  0.0  III!  *0  !*.*e|44  11,4*  !•>•  101.4*  * 

1*  31  1*49  11  II  It.*  It  14  *1  n.t  II  *1  !*.«  19.11  >11  II.I  *! 

,.*t4*tf4i(4(  oo  «.;ttn*ntit  oi  o.iitoiin’ii  oi  4.404401  1 
it  «i  mo  11  10  co.*  1*  *1  it  n.i  n>  t*  *1.1  n.n  >n  ti.r  -1 
o.tmtmm  00  o.tjtmtmi  01  o.i*i*»i**i*t  01  c.oooooi  < 

it  61  mo  11  44  n.o  11  to  11  11.1  19*  tl  11. *  14.11  >|)  »:.? 
o.ttoftimn  49  o.  )*  ii  me  ti  *1  t. minimi  ci  f.toovoi  1 
|4  01  1*4*  I>  *1  11,4  if  *1  10  4*. »  1*4  C*  41.1  14.11  >n  ii.i  -1 
4.419*4 flfttl  40  0.4*11**141(1  01  l.irilfIMItl  01  4.00440 (  • 

it  i  mt  o.o  in*  n  ii.i*. in  n.n  ei*  ni.oi  *  o. 

1*  oi  it**  io  io  *1.0  >i  o  I*  n.o  ik  4*  n.o  n.i*  >n  *i.i  >i 
o,4ii4i i ***!(  oo  o.i*nui»*ii  ti  t.itwnmi  oi  *.i**im  • 
1*  oi  m*  i*  i*  n.t  >i  *  «t  n.o  it  *t  I*.*  tt.it  >io  ii.i  * 
o.49i4in*in  oo  o.itiitiinn  .1  0.10*4*111*41  01  o.mnt 
.4  oi  mi  >0  11  n.o  >•  *  ti  e*.o  n  1*  n.o  10.11  >n  n.t  • 
t.*9(4i9i*iti  00  o.i4*mn*%(  01  o.in*iiii*:t  01  o.mm  • 

19  t|  |4*t  10  It  90.0  >1  10  40  II.*  II  0*  9*.*  19.1*  >19  M.t  • 

0.441419*1*11  O0  0.1*441191*11  01  0.119144*1*11  #1  9.14;il(  ■ 

It  01  1*1*  II  II  It. 9  -I  II  00  10.9  41  II  11.0  10. I*  >1*  11.1  • 

o.iiiiiopiiii  oo  *. iieiikiici  91  o.imnieit*  o»  o.t*tii( 
1*  01  I***  11  it  4i.o  >i  1*  ti  11. e  *4  i*  04.0  ii.i*  >ii  n.t  • 
*.*91*!«i4l2t  OO  O.I**n(tl*Ot  01  0.1401**11)41  01  9.1*1191 
It  I  144*  *.*  1014  01  II.  %*••!*  14.14  ee  114.11  4  0. 

n  oi  1*10  *\  n  n.o  )*  n  **  94.e  ni  it  o*w  io.io  >*i  o*.i  • 
9.1411*114)1#  oo  o.MMtmm  oi  o.mii4*t4i(  oi  o.oooooi 

20  01  1419  04  10  *1.0  10  40  0*  >1.0  104  l<  14.0  10.14  «*|  04.1  • 
o.  011*1*9111  (•  0.*9t4(M0m  01  O.:it*ni0IM  OI  o.ooocot 

14  tt  |410  «4  II  n.o  II  t|  tl  **.*  1}  1*  11,4  19,14  >*l  94.1  • 
4. *411*149* II  OV  0. **4t4tl 1141  41  0.141414414(4  II  0.040041 
10  01  1*10  0*  )*  >4.0  14  44  II  01.4  1*0  >1  *0.0  10.10  >4|  t*.l  • 
0.r011*l«44*(  “  0.4!*ttrt991l  *1  l.|4ft|9!Mt(  01  I.C494M 

I#  I  141#  0.0  til  t*  1,11*1(1  14.11  »•»•  »».*•  •  0. 


IM.t  iltvl 
•uni  co6*.n 
m.t  **«»*i 

44  C.4444M  44 
IM.t  i((Mm 
00  O.tOOOOl  09 
m.i  «(C* 

00  0.4C444(  44 
IM.t  vt  *«• 

*•  0.I0I4H  01 


>  0.4I4MI  00 

.*.t  II  «CP4 
C  C.4I44K  10 
'  94.4  It  •"?* 

»  *•  t  t  00 

n.t  tt  •(•* 

40  c.4«0tll  00 


I  4.1  *»4-W  c 

40  O.Ok-OPC  X 

(M.I  Ci*.  * 

V4  C.C4044 
in. I  MIQI- 
44  0.44404' 
■in. i  4i*aic 
44  9.4494M  00 


■191.1  It  lift 
00  0.l4*tfi>0l 

■nr.t  it  tv* 
oo  o.mtrooi 
•m.t  ii  ivt 
44  e.l*4lt(*41 

■  m.t  n  »v* 

44  4.1**1tl>41 

•m.t  n  tuw 
94  0.1* till  31 
•m.t  I  .  tun 

x  o.i**neci 


114.4  *ICI 

to  O.tOOOCI  OO 

114.4  JIM# 

#4  C. 009041  40 
■ii*  *  nine 
04  0.440041  90 
■1(4.4  C**«lll 
44  0.0940M  44 


sHas-fMaagame 


“oo^m 
o.o  o  o  o 


«  O  o  O  o 

u*  |  j 


ID  •*•  «J 
<  UJ  4<  UJ 
o  £  *  ft. 

WUi  J4 

>  O  <  VJ 

D-OON^ 

O  Cl  <V  h  h 


>• 

o 

OO  K  ^  ^ 

w  ♦  •  *  • 

NinrgNo 

«C  -«  M 


i  «■  *  r-  o 
i-  ■**  m  ■#  o 
“-•**« 
INMIO 
ft-  M  M  fM  M 
D  I  I  I  I 
x.  m  *0  »  so 
mNN  hN 


^  W  O  M 
O  -s  M 
NON< 
•  »  •  • 
NNO><# 
m  m 
lit* 
<  ID  «*  O-  ft- 
X  *>  fM  o  ^ 
omm 


S|s  if 

=5^2=5  *1 
=1 


5£3B&; 

crjtS  — 

sg! 

UJg  ^ 


N 


«o  «o 
«  m  eft  o 
N-  o  »D 

z 

♦  •  •  ♦ 

o 

•r  o  >  « 

-4  (v  tr\ 

>- 

O  1  1  4  1 

o 

uj  a»  w>  Cc  u> 

UJ 

o«o^sr«4* 

40 

u 

1“ 

o 

UJ  •/>  f»  -<  U> 

ac 

O  ft-  o  o 

< 

i 

3  •  •  ♦  • 
l-NNNO 
-»  *  MM 
>-1111 

>• 

JlftOfft^ 

X  « 

S  (ft  -J  ^  g 

<  o 
ac  k 
o  ■< 
o  > 

0£a>~««ftr- 

ac  u 

3  N  (ft  (ft  (ft 

a  uj 

0  0  0-0-0 

«/> 

Z 

OO 

NO 

voooo 

<  f»  f»  f*  K 
UIO'OOO' 

V  •><  H  #4  >4 


Oflmrtci 


■<  o  o  o  o 

Opunnn 


a. 

O  -f  m  rft 


kUO«^NN^in 
X  rw  <n  m  <n  m  m 


KlOCMJO'in 

ft.  M  f*  *4  S  0 
WJmNNHNN 

o  «  «  •  »  ♦  « 

3  <0  S3  trt  -O  iO  tA 

k  <f\  m  <*\  •*>  m  t*\ 

—  i  i  i  *  l  i 

o  «r  *  *  *  *• 

0-4H»4HH^ 

-J  I  I  •  I  I  | 


«o  h  n  m 
Utnn^NOO 

ONh^NC-N 
D  •  *  •  •  •  • 
ft-  «  00  CO  <0  03  ® 

*-  I  )  I  J  I  I 

«  *■  -r  *  *  *  * 

-J  00  OO  CO  00  CO  CD 


2  <M  f*\  *  m  «#  4- 

o 

KQooaoo 
(J2ZZZ22 
Ui  <  <  <  *  <  < 

</i 

a:  H  H  r*  fs  N  m 


Z  "«  P*  ffl  5ft 


UJHNfOf 

x  fft  (ft  (ft  n 

—  -o  <r  -o  *o 


«/>  m  i-\  o>  n 
o  o  -♦  •-•  ~4 

~  o  o  o  o 
o  •  •  •  • 
«c  o  o  o  o 
ac 


m»N(P, 

OfMSH 

UJ  rs  ^  O'  a* 

Q  •  •  *  ft 
3  <D  (A  IA 
H(ftft(ft(ft 
•-♦I  II 
o  •*  ■*■  <r  *# 
Z  *4  —  m*  *4 

O  — »  w*.  ~4  -4 

-III  I 


H|ftO> 

UJ  eg  o»  o  ( 

D  »  •  *  • 
h  Q  O  <0  (0 

M 

>-1111 
<  •*  *  *  *t 
u  oo  oo  oo  © 


Z 

O 

*-•  g  1ft  S) 


V)N«ftlftlft 

PC 


o 

J!*sN(ft  *1 
< 


a  n 

13  PA 
O  V0 

X 

z 

o 

«/l  H- 

waoH 

<  UJ  c*  */> 
a  >-  -4  o 
uj  a 
> 

<  O  pa  </> 

X  uj 

a  <* 

z  >*  < 

<  <  o  s 
Qno 

40  10 

h- 

-J  wft  h- 
O  UJ  to 
ftOZ  < 
•Jj  •-  NT  UJ 

a  — J  -j 


IS  « 


IS  O  a 


.2  >  W 
r^|o>  o 
>  L _  **r 


chronom  cerr.  - 1  CMcmn*  t, 

GMT  nnn^7  5  *r  - 


122 


PROGRAM  GRVT 

Subroutrces  TIME,  JUt-DT,  QUAD 


C  C»Vt  (itimm  CAAMfv  MIMS  no*  CAivjtr  IKS  19  kill  SlAtlOxl 
C  ItKOlxC  -ah 

C  t  i*0)9  Of  IKS  COMtSTIftC  Of  IM  fOUOMNC 

m  nit  suno*  c*:a  -  >oii tie*,  iuvaiidm.  axo  caaviit  vaim 

C  lit  IClXllf ICAIIOX  0*0  •  Mil*  NU-4(*  A-0  l  OCA!  I  Ox 
C  m  *(AOIXCS  -A«INC  UH  A  f  1C  -  f  1*51  A(*01XC  Of  tA(N  0*2  HAS  OAK 
c  UP  IU«  CA30 

C  II  •U'M  C  A  AO  -It*  1 1  AHA  S  K  #UNCMU  *ISUUS  DlSKIO  IDA'Sv  0  0*0  4X0/ 
(  «  MM4I  Cf  1  HOit 

c 

c  i-kaxal  oaia  sTAi(*(xt  sir  fo*  c-22  caavjik  uni  oxiv 

C  HACK  4444  OttU*S  ItfOM  HAIM  OUl  0*  MSuUS 

<  am  1 4*7 ,  icAo  a  axis*  axo  data  s-iicn  o  o*»  to  >umm  c*ir*A!iox 
c  ascot  -  oust  *m  occ«>»:  aiii a  mixi/huncm,  ic*o  ah  oaia 
c 

c  mrn  wots  KffASio  »o  f iict xt  to  account  to*  w*viui  ushoxk 

c 

c  amixccs 

C  1  m((hOO  Of  ANiivSIS 

c  AoifA.j.i..  si-mi*  icatjon  or  1 1 o*i  coamuions  to*  c**vifr 

c  HI t(A  SVA.1U,  CfOfHTKCSi  VOt  VII,  MO  I,  JAN  IW,  HH  >S-44 

c  |l  ASKOMCMICAL  OAIA 

C  AStAONOMICAL  HAMAS  Of  th|  AH  *  1C  AX  (fMM*iS.  VOl  IS*  f»l 

c  1,  ff  tl'Al 

c  su/hummi  to  im  .maican  im»his  axo  hauiicai  ai-axac 

C  10" 00*.  1**1 


oimxsiox  tvct uot.tr i toot. toixt lot, HfO'ioi 

OAIA  tC-C/)5*0.0.)!A4.?4, JI40. 15, 1115.S2. 41 00. <*8,4204  .40 ,4)11.8),. 
I4( 1, 2*. 4)22. 20, 4*28. 14, 41)5.4*. 48)4. 14. 44»4. 49,5050. 2), 5155. 24,524 
21. 54. >)4*. 42, 5422. 44, 5514. 04,5181.58,1244. 04, 5*84. 40, 4090. 10,4105. 
ISO. 421 1.04, 4)14. S4. 4422.02. 4S2).4S. 44)2.44, 41)4.24,494). 54, 4444.40 
4, 2054. 1 y. 2154. 40. 1244.54.1)44. »4/ 

OAT*  rCM0/104. 44. 204. 42. 514.44, *14, #4,524. 40,424.14. D*. 12.4 14. 4t, 

1444. 44. 1044. 44,  | 154. 4), 1254.4), 1)44. 45, 1*44. 42. 1514.21 ,1*24. 12, I 14 

24. 44,  (444. 42. 1445, 02. 2100. 14, 2205. 24, 2)10. *4, 2415. 4), 2520.44,2424. 
)04, 21)1. >3,24)4. 41 .2441.40, 5041. 20, )152. 52.5252, #4, ))4). 12, )444. 54 
4,)52).4),)424.))/ 

OAtA  A. U, S4.AJ.0AM.Ai,(M0, I SO, xh*MS/5I. 24)22451 51,1. 0.4.44415411 II 
K «4« 54525* .4.420( *4. 4. >1414024, >.444021 10, 1.444(1 5, 2. 555 2125,1.445 
21552 

XA I AICI* t At 0-| If li | AA 0*0. I 541544 4 | )*4. 245145)0! 21 
OA I 4IC I •|A40*||MI(aRC*0.0922 2222220) )*)40. 01*9. 01 1**52*252 
001  AACMIAtO-Uf  |X|  AtC«0. 002222  222241 1*  )40,0t 
5  NT-0 

10  *1*012.151  lAIO.UAN, 10x9,110*. (IfV, ISC 
15  » 0***1111, 12. 0,84.1,2*. 14. It. 24. I, )l.f2.2,4l,24.2) 
l»H*ie*20.i:0,20 
20  *1*012.25)  IO(M 
<5  10***2140*1 1 

4vf*0.0*u 

icm-o.o 

x*»0 

*lA*llAI0*ISICXfU0M,ll0*mAI0il/40.ll/A 
UO‘tLOXOHSICXIHO«.flO*raOMOH/40.)l/A 
fU-flCV-100 
H«|III5,)0I  IO(X 
SO  tOAMAlt'V'tOAl) 

wAI 7( 15, )5)  l ATO.IC A*,lOXO.XlO*,(li V.4SC 
55  f 0«*A2 < IK. *1  At •. 21, )2. '••,14. 1. 2X, •toxc, II, U,*.<,f 4,1. 51, fl. 2. U 
1. •MICAS  ABOVE  *Sl*,)i,f  10. ), I* . **vAtS*// 1 
40  *(*012.451  ID,IM.IVA,|HA,|M|X.C*C 
4)  f 0**42112, I).I5, 15,12, 14.)) 

11110140.40.50 

50  CAtl  JUl0m0.1N,|TA,|H4.|H|X,0J.0j*.PJCI 
40*01 

x«I2CI5,55)  IO.IM.IVA.JO 

55  80A-41 121 ).  15, 2XC4UII  AN  0»V  ,  14/41,  •  2IM  »  ,  2*.  'COUNI  *.4*,'CC4*X»,4 
IK,  'CO*A  C0VN2..)I,  •210(1*0*) 

«C*10 
km.IM 
AT A* I V A 

40  If  10*0100, 100,05 
45  H»*|H*-|-|X/4©. 

C*U  JUIOI<*O.K*.A*A.|hA»I*IX,OS.2JA,2I 
IO*tflOAtllf IItOS)l-0.5)/AJ 
K-l-I 
15*1*52 
0*5.4525*1 
02*0*0 
01*0*02 

(  IS  IM  MAX  OlllCUllr  Cl  |N(  (MUIC 

(•2). *52244-0.01 >0125*1-1 l.44(-4)*t2* 15. 0)f>!)*l) 

(•DMtl 

Si  IS  Ih(  -f AX  UiXAA  AXO**lV 
Sl2*l 5.0444424*45. OS 

Sl*244.1CA40#*t4.*440(-4|*9?*l2.45(-!l*0)«O0tSl2) 

51*0*150 

*L  IS  I HI  Hf AN  SOl*«  »NC"Alr  -  (OUAl  tO  Cl-CC 
M2*O.4#5*0024l0*OS 

Hl*)54.4l4|45.|i.|2(-5l*02*ll.0(*#)*O)*O0IM2l 

n.oAim 

1  IS  !M  MAX  AACUMNt  Of  IMI  lAtltuOC  0*  IM  *COX 
12*1). 224)50*440* CS 

f*ll.25004*(2.401(-4l«02*11.0(*4l*0)«00ir2t 
f  *0A1M 

CO  IS  IM  MAN  (lOXCAflON  Cf  JM  *OON  f«0*  2M  SUN 
C02-I2. |40l49|4|4*0S 

CO*>50.l)14#4-ll.4)4(->l*l2*ll.4(.4>«t>*00(C02l 

t0*041Ct» 

CL  IS  IM  C(0M2AIC  * t A x  lOxCItUQf  Of  Ih(  SUM,  MASUMO  f*0*  Ih( 
*(*X  (CU1X0*  Of  OAI( 

Cl2O.4#54*2))S4*0S 

Cl  *224.144411*1  ).05(-4I*I2*OC<U2 1 

U*t>4tCv) 

CO  IS  IM  lONCIItOI  Of  IM  MAX  ASCIMOIMC  N(fOI  Of  IM  lUXA*  0*8H 
OX  IM  (CLIMIC.  -(*51/110  f AO*  IM  MAM  (CUING*  Of  DAlt 
C02*C'OS245)4222*0S 

CO*254.U)2l5*l2.01«f)l*T2*t2.0(*4I.T).00(C02) 

CO«OAICOI 

AA4  IS  IM  CHA  Of  |H(  MASf  Hfi|xt  Of  AA|(S.  04  IM  MAX  (OulXOl 
5*2*12400. !*(!»• 1*10 

AAi-llS.  )M6. 0440*555514*1. 051  J4l4444!.T0H2.StC’.S4(-SI*T0*ID|. 091 
1**2  2 

A**,OOIAAA|«ha*( |.0022)1404)I«II5* I 


II1*(A|1UI 

1 A  IS  t M  (CLtMIC  ItettTUCi  01  fMf  ■  OOM •  UV€  COUIMOA  of  OAK 
1*2* I), 12414452*1*01 

rftM2O.4)4U4*lt.»t*S)"O2»l!.4<-ll4»!*0OIMri 

M-OAfM) 

012*1.49)1501540*01 

C*  £12.4051 It *lt»4*f *5 I *02*001 Cl 2 I 

Cl *04(61) 

C4t«o,oiw(»mu«&i 

04*225.552444444*001042) 

64.0* 104) 

#A.rf>»t,0l-4«ll|440»SIMI2.C0>*5219*(lhiri)>222l4.SINISI  l*C0)«IC4! 
U0.*SINISll*I»18*SINI2*SD-40t*SINIC0l-|4«4*SlNlJfN-«OI*SINin*2* 
2CO)*IU»SIMIU-M)*45|.$IMIJl.2.COI-444*ilMIH*M-2«CO)-5)2AllM<H 

).fii-io24*six«2*m-com  ,  „ 

II I A* I .01 *4*1 #4505 »*S 1X11 l-)025*SIX|l"2.CO|f4#t!*Slxl*.Sll*4l4!,SI 
lCl$l*2l*544*SIM|f*2*COI*|A4*SlMIHl.f*2*COI-l9!*SIMISf «C-2*C0I*|41<* 
2SJXISI*. •2»C0l*)9|.SIXI2.Sl*M*44l.$IMf ll«f *l»COI.I5*.llMIJ*Sl-f • I 
At H* I, 01*1*1 I.CI !*I24|I..C0SI 2*C0I *109242. *COSl $1*2*00 I *545038. *4 0 
lSlHI*l*!t0.COSl2.Ul*H)*C0SIA.COI-28)#*COSICO1.14O4.tOSlM-2*COI 
2*ll44*COMMI*8!»*COllM*2*C0f*5l44*CO)S5l-MI.440*COSm-M*2*COI 

)*472*C01ISl»M.2*C6)-2084.C0SISl-2.1l) 

Ayx.  1VX.1, 01  -l*nm*C0SiU-4*CD)  *101 2*COSlSL*2*CO»*4214*Comt*n 

l-2*C01-2!!»*COSlU«All*»Oll.C05ISl-4.CDI-«)*COSI2*m-COn**2I*CO 

2Sl2.IU*CO)2*m2*COSI>*5lll 

ClMlM!oi-4.U55r02.-l5.5A*II*SIMini*581*SIMl2*M)-l4*SIMICOtl 
SOI  *10. 524* S!XI 12*0, |44.SIM|ll*1.04 1*0. l*S|NI*.ll"l*CI l*9«l#S*C0SI 

**U*aO5-4*()05!0«!2!*l2O..CO51MI-4l)IO.*COSl».Mt*l8|40.I«COSIlt 

*l*5ll2*SlMl2.|ll*0m-!C*!.SIMlM-04|.)54)*IIM(2*IM-Cll|.492l*SIM 

2I2*(U-C4|)I 
AtfS*H  |0.  I** A  VI  | 

OH  IS  OllU  HS1.  IM  NUlA'ION  |f>  SOLA*  lOxCHUCE 

CH.S«.|-l|I.2l2!*O.Om!.ll*SIMICOlM.2l24*SIXI2*ll*CO*COII*0.204e 
l»SlMtC0*C0l*0.20)2*StXt2.|f *C0) 1*0.1241*1 >X|Hill 
01  tS  IM  MU14110M  IN  CM  I  OUl  IV 

Ol*S*.|5.21«COSlCOI-O.04*COSICO*COI*0.552)*COSt2*tf-C0*«H») 

(*(*C( 

fnft.D) 

Cl*Cl*0H-2O.*44.SA/AVS 

«y**«vn*(SO 

(0*Hut  At  ION  02  2M  lUXA*  AXO  SOlAA  OfClIMAIIOMS  4X0  MOU*  AXCKV 
SSO*COSISCl  I.SlxlCD.SIMK  l*SIMI SOIL COSKI 
010*5041 I ). 9*SS0*SS0) 

OSUX*AtAXlSSO/C3P 

csAA*cos,sou*cosiai/Cso 

SSAA*ICOSiSOlt.SfM*Hll.COSI(l-SlMaOl).SlNiei)/CSO 
CALL  OUAOlSS* A.CSA* .U.SAA) 

If |t**«SAAl!0»!5, 25 
20  AA**A*A*4,2I)185)022 
25  OHAS*CAA-S*A 
OHASMtlOMS) 

SHO*COtU|lN|.*|xlHN|.SIxt(l*5IMIIIIAI*COSI(l 

C*D*mill,0>W.|xN 

DNOON, At AN I SHO/CHOt 
CMA*COS(»(!H1.COSI1H)/CHO  . 

SNAA.|(.9SIICr"I.SIMIHMI«COS|f.)>SI-4(»(lN|.S|NICn/CAO 
CAU  0vAOISHA4,CMA,l/,AAN| 

IMAA4*AAN)I0, 85,85 
80  AAA»AAS*4. 24)185)022 
#5  CMAX.AAA-AAN 
OhAH*A»IOh*N) 

ON*l5«4*CAN*A(*xNI/UvR.AVH.tvN| 

0S*I5.4*0AM*R(.hS)/|4vS*4VS> 

OS*OS/AVS 

CAN*C0S(0H0OX|.C05tAlA|.C0SI0HAN«Ai0MS|X<0NO9Ml«SIXIAI4l 
CAS*COSIOSVN|.COSI.lA|.C9StCH*S>AlOl.5IXlOSUM)*SIXUl4l 
0*1 I0x*CAh.CAh*QS*CAS*CASI-||CA*0SI25.0I 1*1000. 

XH-CM/IOO 

Clf*IICACINH.||-ICNCtXM||*O.OI 

C(1*02C1» 

cc-cc-c.cn 

kha*IhA.|00*|N|X 

-Aims. 4oi  KM.c-t.cii.cc-c.c 

40  fOA-AI||#,flO.),f4.5.2f|l.>) 

ACM.AC-C.CC-C 
AVt.Al2.0S 
XA-XA.l 
CO  10  40 
100  A V I  * Av l/Xfc 

221X2). AVI 

CAU  2IMIAv2.ID.l-,  1 2*.  I**A  1 

ACM-ACM  2NM 

Xm.aC-C/100 

Cl f.|IC-C<NH.|t*IC-CtXHl 1*0.01 

8VCINI )  .ISC*  TC«C1M*«)»I  ACM-lf  1*1  ACM/ 100.  1*100)* Clf 
-AIK'S,  105)  lO.I-.lTA.IHA.AVl.ACM.tvCINl) 

105  fO*-AI C //•  AISUII5  Of  III'/*  AV(AAS(  l|«(  C-l*.  *l.*OAr  X0'.!(,*AJ 
I  COUXI'.SI.'OOOO  C0UX2S  •  8AS(  VAlU('/2l>.l5,l4,2f l).),'14.),>  M» 
21S*I 
CO  10  10 
lie  HAUSC  4*44 
vftiim.nsi 

115  f  OA-AI I  *  1C0->UH0  0«lf  2S*//2i, ‘CAT*,  l*,'-OX*.l  «.*»(*• '.2*.  •'•OVA'.* 
II, ‘JULIAN  0AKf.4l,'liS(  VAlU(*.)I,'DATS,,4I,*0Alf I  -C/0A2*,)*.'0* 
2lf I  -C/MX.//I 
RK.Xl*) 

C All  OAlShtO.KHu) 

CO  20  1120.125),  KHU 
I2C  -AIKI2.122) 

122  f OA-AI I •  ■) 

125  00  1*5  J*1,a» 

•0K8*0VCIJ.I)-8VCU) 

OIII-MIJ.D-TTIJ) 

04*0*0(14/0(12 

0AAN*0AA9/24.C 

CALL  II-nillJl.tOiR-.RTA.KHA) 

-4IK 15.1)0*  *0«t-,*tA«tHA.IIt J)»8vCl Jl. 0(1 1. 0**0, 9* Ah 

1)0  fO*HA2l2l4,2l4.f 15. 5. f |4.5. f $.1*215. lift*,!) 

CO  10  11)5,145).  RHU 
155  f J*l1 IJ) *2*15020.5 

-A  1 1(12, 1*01  TJ,8VCIJ),OA«0,RO*R«,RVA.AHA 
)40  fOA«AtKf  11.), f II. 1,1$,  15,^15. J*,*C-2!  OAK f  QITA'I 
1*5  CONIIXU( 

CAU  l1-(ltllN2|,K0,RH,R)A,XM4t 

-AIK IS* 150)  R0,R-,RVA,RHA,1I|NT|,8VCIMI) 

150  «0*-Af 1214,214, f 15.5, *I4.)/*1') 

CO  10  1 155 ,5*.  »  *KU 
155  (J-1t<xn*24|5020,5 

-AIK  12, 140)  !J,$vCfN1),«0.KM,KV*,RH4 
149  fOAN4!(2f 11.5, III. 18. 1), 215,21, *C-?T  0*|f2  OAtA  *  I 
HAU  t  1444 
CO  to  4 
145  C A  i  (III 
(4) 


PROGRAM  WDP 

Subroutines  JULOT,  TIME,  QUAD,  XYC,  PfXY,  AWD.3 

»  T*  0/0.011-41(13)2/ 

•*'  *A(  ♦l>0**'i 

A  .f| 

r ‘  ,*C»»«I  *(CM*f*K»*O.Ol*OI*«HACOlH*«<W.*OI 

Ck<l»PI 

CWUft 

cnoi 

tm«o» 

9il**SCtl4Ca*Ol»OT*OM 

!•*$ 

ut  m**o  m«o  ciMtiMn  ©mm  Hsuu  •  two  aktic  iunm 
flair  I«*Q  w (40  mutt  nun  wu*  m»om  t*#  Man  na 
**wu  in  uo  »o«  MMn(i»*aufM«  *7a©mio*ii 
flu  i  n  imiSAtic*,  mi;  >  u  Mi©  em 
em  iwiic**  c  on  io  '.mmt  ovncmac  o»  **ivtti 

oara  l*IUe  |  0*i  10  *U4C«  *OTi«  »l«*  Mill  in?  Ci/*M4t  001MS04) 

UNO  rmii  Mi  Aim*  i* Anoato  tin  icw-io-m 

CAT*  VtUt  mf 
NtvtCAIIOn  C*»0) 

On |  iumi  cub 
NINO  OAT* 

cm  has*  c a i o 

•l*M  CAAOl  fOA  «(•  fttylCAtIO*  OUl»U( 

OCMNI  Mir 

OlfKf  fill  211000, *. U.UI 

01  MM  I  ON  lNin,|*|  M. M  1 1. M lit. Mill. K  12)0'. IM24M. ,t  1240 1 
01*1*110*1  DMD.IOMM 
l4Ul«MKlUltl.«l|ll(||}|,V}|)l|||)||V0|| 

OAIA  *.0/4  t.214M«4l)  |,0.01 1*4)2*241/ 

1)  10*1 
Sl-» 

M«o 

oiit*«.o 

tUnO«A,0 

20  •1*012*241  No,A»o,Nta,NM«,NMiii<itro,iit"itONO,iieA 

2)  /OM*TII7.:>.l),M,2 12,21  l*,f 0.2)1 
If  lteOI)HM,)9 

JO  CAU  7l1C  (0,AAO,41*,M4l,4al*,01 1 1) ,0,0 1 
f||||*liAwmi*/t|,t«B 
f|l)l*lM 

f  II  JMtf  II  Jl  MtICNI  AtOn.MC  JIM /AO.  **0 
«*It(ll*|OI  IflUMM,)! 

M**M| 

00  TO  20 
1)  I0.| 

11*0 

I10C*0 

*0  MA0I2.AM  K0.MK).*IT«,||kM  1,1*111, (0*111, llfll'  ,1*2. ?> 

49  fOAMTII2.1l.l2.l<,n.|l,««l>,t7,l(,|2,II.I2.Cltl 
IC*IC«I 

lf|aOM*),l«),l« 

*0  *n**0 

00  «)  1*2*1 
umMiiut.M.io 
*»  ifiiMimrO'To.a* 

to  iniRmiM.M.iB 

T)  IMICAUIlAl.il. 10 
•0  *V*W| 

•)  CCWTtHUt 
«f<|*»«| 

00  49  1*2. MU 
INIIMINUMIO 

CAU  TUIOICNO. 4*0. *«•.!*( It. I*< !».*)( I l-Cl. '71 

ICMIIH1DMMM0 

IMIHI19,««,I) 

40  1041 1 1*  1C*  1 2 1 

llMM*tS»MC 

■Vlll*vtl2l 

41  C04t*4U( 

00  t«0  I*2.4v7| 

IDC*IOMM-IOCI|«|I 

ot*»fiti*«tii<i: 

IM 1*411  IOC  1-1101120,100,120 

too  imiiocimo.ioi.ioi 

101  VOMIIMII* 11*40) 

00  TO  111 

no  nei*iiNii<ii*4oi 
111  Bt l*Mt II 1 1*111*0*1 

*M*:  ism  ii  *1)411-11  i*6.i 

Ollfd'lv)  IM«l*«*l,)l 
uo  TO  1*0 

124  IMOI-A.om). m.Wl 
m  «II*|Nl|ll*NT<t-MI*0.1 
4«I*ISI0| 11*110(1-1)1*0.1 
Cl*IO*l 11*0 
C2*I0*I 1*11*0 
1(0*1 114'tl ) *1141(7 1 1*0,1 

cco*icosici>*concti  Mo.i 

CAU  CUAOIlCOiUO.CMOII 
k*ITII2»I«l  UIBI,C*l»n 
111  401-104(1) 

4lt*l!f||t 

4T|*«TI|I 

4CITI 12* |4>  IA|KT,4*1,JI 
I10C*I0C 
|A0  CCXTINvK 

NTI|l*«II4aM) 

IlMIMIlf  144*11 
|MIII*IOf|M4|| 

00  TO  40 
1*1  H*| 

Vbai*-IIO.O/4 
UH|N*>l«0.0/4 
4A|!II),|)1I 
in  roiiAiiiNii 

anti  ii,  uo  i 

1*0  MMHATI///I 
Wif  ••»*•! 

»f *01 1*141  l*tiai,**l.ll 
•l*OI2*)»2  l*|«J,A*l,l) 

MTIII*AIII 
1*111*4121 
04(11**111 
M  4M  i«l,wr 

1*1  <|A0I2M4)  1*111.  *•».)! 

4l(2l*AII) 

i*iti«*m 

©M2I*M>‘ 

ifiwt<<)**iiititre*tTo,iii 
n»  nroMufiii 
1*111*1*12) 

04111*0412) 

CO  to  1*1 

IT)  MiD»'i*l  l>m),a*l,»1 

MHUM1MIM|III.*2I)II*«,1 

41*2 

1*0  4(10(2*141  (A(a).K*««)l 


Ktl«S«ll*AII) 

1*141*11*1121 

0*14t*ll*Mtl 

If  141(41*1). *7» 1 1(1*1*149. no 
HI  41*41*1 
CO  TO  110 
140  4*1*41 

W  1*2  1*1. ml 
I*(l*ll)*0»«lll|»ll2i|42 
.11  1*1 11*0.) 

142  CSMIMit 
C 1*0.0 
(2*0,0 
0*4,0 
(<•0,0 

00  7*0  1*1, 4*1 

Ul*ll*tI*ll-lM»n/lHllS*ll’*TIIII 
0C*04I I *11.0*111 
I*  (AIIIOO'IIC.  1710, 14).|44 
14)  If  100704, 210.200 

too  cc. 
co  tu  210 

704  t^.-JkO.-rC 
210  HC*0(M4!ll*||*Nlim 
01*|>(l|.«li|HUl 

*0*0*11  t.»im*vio 

1*11-11711*211,770 
ill  •iA*ii*K*tt*iui**nn*»ni*o.i 
hOa*IMI)f  |l  *lliD*M(U*»OI  1*0.1 
0(r04(iriM,UO**llll*40* 
fti**iui*oim 
CO  TO  2)1 

220  If i|*4«m>9.2!>.27! 

221  4|*>IUl»*2in*»)*l*llll*0.4 
h)IM}iD*fllllill«r<llll*O.I 
f(*l)ir*72»l  l*fO»*C4(H 
OI**2IIH«Hil 

CO  TO  2)1 

7)0  4|a*tl*|t*tt*lMI.H0.1 
40«*(0«lt*|)*0tl8 *1*0,1 
0C*I04I |*l l*C4l til 
OT  *4111*11 -*  dll 
7)1  IMAiilOO-HO.  17*1.2*0. 20 
7«0  *»Ua(l.|l3 
7*1  II  l>0At2f0.2M.7l4 
7T0  kO**)*O.NO* 

72)  NPA.aCA.O 

C|*Cl*OI»«iA*llNI^OA.AC» 

(2*(7*Of*«|A*C01l«OA»*CI 

()•( 1*10.02 M5T •■1A*1I4I »OI*AC* 10. *0» 

(**C4*IO.On*OT**AA»CO»|40A**C*>4.*OI 

1MII-M* 

2*0  MUl'kOin 

(All  l-CIMI2l.fim.V*H.I>«l4.»l|.f*ll 

(Alt  IHIf/l2l.f2l».4*AI,l4l4,fi2i»'ll 

Mli.fi2.flt 

CM«*0.7>0v| 

e«lt*l»7l!l-Mll»l*7<.0 

<1*1(1  •Ml»-C2*0»iJI/l(l*Cl*C7*tSl 

■  7*ICI  *0tl»*CI*0f  tM/»Cl*U*C/*C7* 

(Alt  euAQIt/.it.C.AHtl 

1C0*C>»©<1* 

cco*c**oni 

cut  *ui3is(».;:e.A.(eii 

CCA*tOA.«t*« 

17 <C0 A )7*t .212.707 
701  CC*»C0**H0.0 

7*7  t4*(10*TI)(0*l(0*f<0*(COI  l/OUt 
<V(*<**4I.U<* 

MITf  14.7*41  011  T ,  a%C.(t.(  *(  •(*  •(  0  a 

7i4  »o*a*H*  ici  IU040  d*i»y  um*  *1*0  iMCmili* 

!■»  f  l»llsr».l.l*.'MCu«l*.4l'.’t»|0M«ICAl  JMMS 
7(4  4140  *NO  C*IM*,lT.l.ll,‘0(U|(4*.)>i.»lMIC- 
(,f 7. 7. 1 ■.«(•>/ IIC *711. *C* III  MHO/4140  1*1(0  I A< 
4((T  104  NC*("*.f  M.ll.'Ml  I«»f*//|I.*0A*>«)|.>* 
)OwO*.>l,*OI«>,ia*'l*0*»<f.*Oi;i».)V»7>*tAT*.4*.> 
{»*f.r»74.0 
**.*»H 
00  »f!  1*1. H* 

(Alt  0A(1«I0.*1<UI 
C»U  OAI|»||,tO*UI 
«M*«*III*0.01 
«1A*1*|||*0.0I 
If  1 1- 1 1240.240. >21 
740  If It-l. 74). 241. >10 
744  (All  l|*(lf|||l.l0,U,lll,ll4| 

(Alt  f f ITIflt. **|. V»<l»U«(4,tAt 0,11*4.1040.010* 
CO  TO  1)10. 1001.  »4*u 

TOO  •■111(7.1041  ■0.i*,MMMlUU.ni«.lOy}.H3*, 

)04  »OA"AT(  |7.|  1. 14. *1.1*. 21 1*. A *.21.14.1. 1 1.I.M.l. 
no  r4iii(),mi  io.if,ui.iM«ii9Mn.iitOiH>«.iB< 
IU40.U0M 

114  Aca*M||).l»,7l7.lA.2f  T.).IOA.7(|t*f«.7.|f.f«.7. 
*70  1*0*1 
4*0*1 
(»•»■! 

(7*0*1 

«iii)**ini 

)7i  (*u  **ooi«r*i«ii.«Tin,)*i«».i2,M,o«iii,«'»tN. 

It*. CM 

CAM  UMUIIIMl.iMR.CfA.iKlA 

C*lt  0* IMS, r.lR*Al.U«|4. tAtO.lt •■.  1040, HO*i 

(All  *f  AMCl,CT.U*tl.i-»|N.l*f(.Ci*",lO*<.(M*l 

va|trt)»l>0)  iO,>*,ciA,(*r,«)i,«ti(oilMi<o,ii 

u*4,i04(,(ie4 

no  fcoo*iii).i*,2irt:>.jfr.i.)i.7in.f*.2.if.**.7,' 
co  to  i id, mi.  nou 

1)1  co  to  ) 140.1*01.  Ilf* 

i*o  ir<(i.o.c)(i)*i,)i).m 

»*i  iMi*.i.MMim.m,iM 

no  N*iTn;.noi  iOi«MfMMA.i>io.ii»(io*o,uo 
111  1IIUI7.H0I  iOi«.(Tl.iN<,UTl,(iiMcn(.UO* 
no  fo*n«iii7.n,i4.*t.i*.;ii*,f*a7i.ni..tv4‘i 

CO  TO  ID 

t»i  waiiM2.no)  ko.o,m,iM,uto,nii,io*9.iica 
iro  f oacATi i7* i ), ii,*a*i*,2i (4 ,f *«ii i 

m  (0MTI4MC 

WOA*OJ||  1*1 1*0.01 
«l**soi|«l)n,.01 
(All  IIMIff m.«0, »■,*»*, «HA1 

V*  1T||), Mil  lj).l<aITl,IM,aOI,'*|tiitBlillA,lC' 

1040*7)04 

co  to  i)i)»:eoi»  um 

<•0  **UM7»)041  lO.H.oiitMi.iilouiii.imB.uOA. 
)•!  (Alt  Aa0O|07l||,HfM*ll,10l  |*n.*?.a|.C>0ll*n.A 
lu40.Ca.cn 

wailStl.JlO)  ■•**0i/*7*|.£u»0 
m  fO«MTio7B,*a**. fa. 2. <«,**••, •*•>..  .. 
l4l,*(W40**,fA,7l 
oo  m  tt*),) 

m  *11111*071111 
S4*H»2 
<00  C04/I4ut 

vMiin.im 
•(*017,1*01 
OAUlf 
CO  TO  !1 
'.04  (All  (t|l 
t«0 


Su/Mmiy  Classificaiirm 


1  DOCUMENT  CONTROL  DATA  •  R  &  D 

*>« «  t  ftt  *  sthention  of  title.  hoitv  of  nb^trnc  l  and  index  me  mu  »f  he  entered  when  the  ovoru//  report  t  *  t  In  *///<?  J) 


i  0‘oGina  rise  Activity  (Corj>orut»  mithur) 

Lamont-Doherty  Geological  Observatory 
of  Columbia  University 

2».  REPORT  SECURITY  CLASSIFICATION 

Unclassified 

2b.  GROUP 

Arctic 

t  l«l  i'fjti  i  iiltl 

Arctic  Ocean  Geophysical  Studies:  The  Alpha 

Cordillera  and  Mendeleyev  Ridge. 

A  f)|  *C *df>  Tl  VC  NOTES  (Typv  oi  report  nnd  Inclusive  dittos) 

Technical  Report 

**  AuTnor-  iSi  (b'irst  name,  middle  inttint.  Inst  name) 

John  K.  Hall 

<>  UKrORT  OATC 

November  1970 

7/1.  TOTAL  NO  OF  PACTS  7b.  NO.  OF  REFS 

125  104 

BO.  CONTRACT  or*  GRANT  NO 

N00014-67-A-0108-0016 

/;  PROJECT  NO 

NR  307-320/1-6-69  (415) 

c 

d. 

90.  ORIGINATOR’S  REPORT  NUMDCR(S) 

2 

9b.  OTHER  REPORT  NO<S|  (Any  other  number*  that  mny  bo  assigned  j 

this  report)  | 

»'  OISTRinUTION  STATEMENT 

Reproduction  of  this  document  in  whole  or  in  part  is  permitted  for  any  purpose  of 
theU.S.  Government. 

II  SUPPLEMENTARY  NOTES 

12-  SPONSORING  MILITARY  ACTIVITY 

Office  of  Naval  Research 

Washington,  D.  C. 

13  ABSTRACT 


The  geophysical  findings  from  Fletcher's  Ice  Island  (T-3)  for  the  period  mid- 
1962  to  mid- 1970  are  presented.  During  this  time  the  ice  station  traversed  the 
Chukchi  Rise,  portions  of  the  Alpha  Cordillera  and  Mendeleyev  Ridge,  and  the 
Chukchi,  Mendeleyev,  and  Canada  Plains.  The  findings,  together  with  pertinent 
observations  from  older  investigations,  support  the  suggestion  of  earlier  inves¬ 
tigators  that  the  Alpha  Cordillera  is  an  inactive  center  of  seafloor  spreading. 

Several  fractures  were  observed  to  cut  the  Mendeleyev  Ridge  and  Alpha  Cordillera, 
and  many  other  closely  spaced  fractures  are  suggested  by  topographic,  magnetic, 
and  gravity  trends.  These  fractures  appear  to  parallel  the  142°  West  meridian 
Seismic  reflection  profiles  show  a  buried  topography  similar  to  that  of  the  Mid- 
Atlantic  Ridge.  Offsets  in  the  apparent  axial  rift  suggest  that  the  fractures  ar*-thc— ' 
traces  of  transform  faults.  The  angular  relationship  between  the  Mendeleyev 
and  the  Alpha  Cordillera  appears  to  result  from  a  southerly  displacement  of  the 
cordillera  crest  along  numerous  en  echelon  transform  faults.  Magnetic  anomalies 
are  consistent  with  the  seafloor  spreading  hypothesis.  A  crustal  gravity  model 
based  upon  a  continuous  600  km  long  gravity  and  bathymetric  profile  and  one 
reversed  refraction  measurement  from  Station  Alpha  shows  the  observed  gravity 
to  be  consistent  with  a  section  of  East  Pacific  Rise  type  with  a  5  km  thick  oceanic 
layer  overlying  27  km  of  anomalous  ( O  =  3.15)  mantle. 

'  Continued  overleaf. 
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The  relation  of  the  Alpha  Cordillera  to  the  surrounding  continental  geology  is 
explored,  A  history  for  the  Amerasia  Basin  since  Late  Precambrian  time  is 
proposed,  in  which  the  basin  experienced  spreading  at  least  once  in  the  Paleo¬ 
zoic,  and  again  in  the  Late  Mesozoic  and  early  Tertiary.  The  Early  Paleozoic 
episode  is  related  to  the  opening  and  closing  of  a  proto -Atlantic  Ocean  and  the 
development  of  the  Appalachian/ Caledonian  orogen.  Arguments  are  presented 
which  lead  to  the  conclusion  that  the  oceanic  crust  beneath  the  Beaufort  Sea 
is  Permo-Carboniferous  or  older. 

Seismic  reflection  profiles  show  more  than  2  kilometers  of  sediment 
beneath  the  Mendeleyev  and  Canada  Plains,  with  no  basement  reflections 
recorded.  Prominent  reflectors  may  represent  major  climatic  or  depositional 
changes  Sediment  cover  on  the  ridges  varies  from  several  hundred  meters  to 
more  than  one  kilometer.  Sedimentary  ridges  up  to  55  meters  high  blanket  the 
crestal  plateau  of  the  Alpha  Cordillera,  and  appear  to  be  the  result  of  currents 
which  transpot  1  sediment  across  the  ridge  from  northwest  to  southeast.  This 
process  is  presently  inactive,  and  may  have  terminated  with  the  initiation  of 
continental  glaciation,  perhaps  as  early  as  Upper  Miocene  time.  Similar 
sedimentary  structures  700  meters  beneath  the  Mendeleyev  Plain  suggest  a 
strong  bottom  circulation  in  the  past.  A  zone  of  bottom  erosion  along  the 
Mendeleyev  Ridge  flank  may  reflect  a  circulation  of  water  through  the  Cooperation 
Gap,  a  trough  which  appears  to  cross  the  ridge.  Two  buried  channels  extending 
to  subbottom  depths  of  700  meters  were  observed  between  the  Mendeleyev 
Fracture  Zone  and  the  Mendeleyev  Plain. 

Three  general  purpose  computer  programs  are  included.  They  compute 
1)  geographic  position  from  celestial  observations,  2)  probable  drift  between 
known  positions  using  wind  data,  and  3)  gravity  meter  calibrations  at  a  base 
station  with  correction  for  earth  tides  based  upon  a  calculation  by  means  of 
an  abbreviated  lunar  and  solar  ephemeris, 
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